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Abstract

Development and validation of predictive methods for structural response of containment vessels in nuclear power

plants to the overpressures that maybe experienced during the unlikely occurrence of a severe accident continue to be

of interest in the United States and the international community. As part of an international joint program sponsored

by the Nuclear Power Engineering Corporation (NUPEC) of Japan and the U.S. Nuclear Regulatory Commission
(NRC), Sandia National Laboratories (SNL) conducted a high pressure test of a steel containment vessel (SCV)

model. The test model is nominally based on a Japanese Improved MK-11 boiling water reactor containment. It is
one-tenth in overall size but has wall thicknesses at one-fourth scale. In addition to the SCV model, the test includes
an external contact structure (CS), a thick steel conical shell that covers most of the SCV with a nominal gap between

the walls of the two structures. The nominal gap size was selected to allow the SCV model to deform as a stand-alone
structure beyond the elastic range prior to its contact with the CS.

An objective of the test is to develop a set of validated methods that can be used to predict the response of contain-
ment buildings subjected to severe accident loads. Measures of structural response of the containment include dis-

placement and strain during loading and characterization of the failure. Failure is characterized by the internal

pressure at failure, the failure mechanism, and the location of failure. This test also allowed specific features of the

SCV/CS interaction to be studied, including closure of gap, progression of contact, and load sharing.

This report describes finite element analyses conducted by Sandia in support of the overall design of the model and
the development of the instrumentation plan, and for prediction of model behavior during the test. Preliminary scop-

ing calculations were performed to answer design questions such as the effects of mixed scaling of the SCV model
and the effects of including a contact structure in the test. These analyses were also used to answer modeling ques-
tions such as the best types of elements to use, the effects of friction between the SCV and the CS, and rational
extrapolation of the materials tests for input to the finite element code. Global and local analyses were then con-
ducted to examine the response of the final design using actual material test data. First the global response was pre-
dicted using both axisymmetric and three-dimensional shell models. Subsequent detailed local submodels were

developed to refine features included in only a coarse fashion in the global analyses. These local analyses included
an axisymmetric continuum analysis of the top head and a three-dimensional shell analysis of the equipment hatch
region. Finally, one selected as-built featue, local wall thinning detected in the area of the equipment hatch, was

incorporated into the local submodel of the equipment hatch.

...
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Executive Summary

Development and validation of methods for predicting

structural response of containment vessels in nuclear

power plants to the overpressures that maybe

experienced during the unlikely occurrence of a severe

accident continue to be of interest in the United States

and the international community. As part of the

Cooperative Containment Program sponsored by the

Nuclear Power Engineering Corporation (NUPEC) of

Japan and the U.S. Nuclear Regulatory Commission

(NRC), Sandia National Laboratories (SNL) will

conduct a high pressure test of a steel containment

vessel (SCV) model. This report describes finite

element analyses conducted by SNL in support of the

overall design of the model and the test and for

prediction of model behavior during the test.

The SCV model is nominally based on a Japanese

Improved MK-11 boiling water reactor containment. A

mixed-scale design was used for the SCV model. The

overall geometry of the model was scaled at one-tenth

to facilitate shipping of the model from Japan to the

United States, but the shell thicknesses were scaled at

one-fourth for manufacturability and material

availability. The top head, knuckle region, and

stiffeners were also scaled using this mixed-scale

approach and were not designed to simulate buckling or

bending behavior of the actual containment vessel. The

SCV model includes an equipment hatch penetration
with the reinforcement plate, the drywell head, and a

material interface in the vessel wall where two different

steels are welded together. The equipment hatch sleeve

and the top head flanges are not to scale. The

equipment hatch cover is welded shut, and the top head

flanges are represented as a single thick ring rather than

separate flanges bolted together. All other hatches,

airlocks, and penetrations have been omitted from the

model. In addition, the lower wetwell and wall-

basemat junction have been replaced with a thick

bottom head designed to remain essentially elastic

throughout the test. Finally, all internal structures not

integral to the vessel wall have been omitted. Detailed

drawings of the SCV are included in Appendix A.

In typical Japanese Improved MK-11 plants, the steel

containment vessel is inside a reinforced concrete

shield building. Axisymmetric finite element analyses

of the actual containment inside an idealized rigid

shield showed that the response of shielded and

unshielded containment would be quite different.

Notably, the analyses showed that the location of the
highest strains in the high pressure regimes shifts from

the middle conical sections of the unshielded

containment to the top head region of the shielded

containment. Therefore, the test has been designed to

include a conical steel contact structure (CS) on the

outside of the SCV model. While the CS in no way

provides the same restraining effect on the SCV model

as that of a reinforced concrete shield building on an

actual containment vessel, it does force modeling of the

contact and more closely represents an actual

containment scenario than a test of an unshielded

model. Appendix A includes drawings of the CS.

Preliminary finite element analyses were performed to

evaluate the effects of the proposed mixed scaling on

the model behavior and its relationship to the actual

containment. While results showed that overall

behavior was similar at the correctly scaled pressures,

concern still exists over the effects on localized bending

and the potential for top head buckling. In particular,

since the critical pressure for buckling of the

torispherical top head is approximately proportional to

the ratio of wall thickness to radius, the mixed-scale

SCV model (in which this ratio is 2.5 times that of the

actual containment) is much less susceptible to this

mode of failure. Therefore, the data from this test

should be regarded as a validation of numerical

modeling techniques that can then be applied for

analysis of an actual containment, but the behavior of

the actual containment cannot be directly inferred from

the results of the test or the analyses of the mixed-scale

model.

Finite element computations were also performed early

in the program to answer numerical modeling questions

such as the best type of elements, an appropriate value

for the coefficient of friction between the SCV and the

CS, and how to extend the provided material data to the

range required for failure analyses. Axisymmetric

analyses of the actual containment indicated that the

two-node shell element represented the SCV wall quite
well, except in the area of the top head where large

thickness transitions occur. In this area, continuum

elements are probably necessary for good local results.
Axisyrnmetric shell analyses of the SCV model with a

preliminary conceptual design of the CS indicated that

...
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the two-node sliding interface element could be used to

model contact between the structures and that model

behavior was not significantly affected by coefficients

of friction ranging from 0.1 to 0.5. In the final series of

preliminwy analyses, uniaxial test data provided by

Hitachi were extrapolated beyond the point of

maximum load in the tensile test using an axisymmetric

continuum model of the test specimen.

The analyses used for pretest predictions of the

behavior of the SCVICS model were based on design

information available at the time of the analyses and

uniaxial test data of the actual material used to

construct the model. Except for one analysis of the area

around the equipment hatch, as-built geometric

information was not used.

Global axisymmetric shell analyses were used to

predict overall containment behavior. Two-node shell

elements were used for the SCV wall and four-node

continuum elements for the contact structure. Contact

between the two structures was simulated using two-

node interface elements that can accommodate large

sliding. The coefficient of friction was assumed to be

0.20. These analyses indicated that the highest strain

occurred in the top head.

A three-dimensional shell model of one-half of the

structure was developed to incorporate the equipment

hatch and reinforcement plate, the only non-

axisymmetric feature in the model. Four-node shell

elements were used in the vessel wall, along with four-

node interface elements for the contact. However, in

the three-dimensional analysis, the available contact

simulation algorithm was limited to small relative

sliding between the structures. As in the axisymmetric

shell analyses, the coefficient of friction was assumed

to be 0.20. This global three-dimensional model

indicated locally high strains in the area around the

equipment hatch insert plate near the material interface.

Output from the global three-dimensional model was

then used to develop three different localized

submodels, (1) an axisymmetric submodel of the top

head using continuum elements due to the thickness

variations near the knuckle and flange, (2) a three-

dimensional shell submodel of the equipment hatch

area based on design thicknesses, and (3) a three-

dimensional shell submodel of the equipment hatch

area incorporating an approximation of wall thinning

discovered during examination of the actual SCV

model.

Results of the global axisymmetric and three-

dimensional analyses based on the final design indicate

that the two regions with the highest strain are the top

head and the area near the thickened insert plate at the

equipment hatch. Based on the final design of the SCV

model, failure is equally likely to occur in either of

these areas. However, the actual SCV model includes a

region of unknown extent near the equipment hatch

insert plate where the material is thinner than specified

in the design. Results of the local finite element

analysis that included an approximation of wall

thinning in this area indicate higher strains near the

equipment hatch than in the top head. The computed

plastic strain in the thinned region of the SPV490 steel

near the equipment hatch insert plate and the material

interface reaches a level that suggests local ductile

failure at an internal pressure of 4.5 MPa. Therefore,

based on the inclusion of this as-built feature, failure is

considered to be more likely to occur near the

equipment hatch than in the top head.

The pretest analysis efforts have demonstrated that the

analysis results for failure prediction are very much

dependent on the local details that have been included

in the analysis model. Because several of the known

as-built features of the SCV/CS assembly have not been

included in the pretest analyses, the analysis results will

best serve to provide predictions of the global

deformation of the SCV model and will be less reliable

for local failure predictions.
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1. Introduction

1.1 Program Background

The performance of containment systems in postulated

severe accidents is a matter of continuing interest and

concern in both the United States and the international

community. Testing and analysis of numerous scale

models of containment buildings that are pressurized to

failure have been conducted for several years at Sandia

National Laboratories (SNL) as part of the Containment

Inte=gity Programs sponsored by the U.S. Nuclear
Regulatory Commission (NRC). The overall objective

of the programs has been to develop test-validated

methods that can be used to predict the performance of
light water reactor (LWR) containment buildings

subject to loads beyond the design basis.

Previous test programs sponsored by the”NRC and

carried out at SNL focussed on scale models of steel

containment geometries typical of pressurized water

reactor (PWR) and boiling water reactor (BWR) Mark

HI containment designs. SNL’S pretest analyses results

are also included in a Round Robin analysis activity

(Luk and Klamerus, 1996) that provided a forum for

various international analysis groups to share pretest

predictions of the steel containment vessel (SCV)

model behavior. However, BWR Mark I and Mark II

containment designs have geometries distinctly

different from PWR and BWR Mark III containment.

The most significant structural difference is the region

of sharp curvature in the top head of the BWR Mark I

and II reactor containment. Currently, no

experimental data exist for the validation of finite

element modeling techniques for these types of

containment.

SNL is now involved in a Cooperative Containment

Inte=@ty Program under the joint sponsorship of the

NUPEC of Tokyo, Japan and the NRC. This program

grew out of the realization that there was sufficient

similarity in goals in containment integrity research to
warrant a cooperative effort between the United States

and Japan. The focus of this new program remains

LWR containment, but the current testis of a scale

model of an SCV that represents some features of an

Improved Mark II BWR containment vessel in Japan.

1.2 Objectives

One objective of the SCV test is to evaluate the validity

of current methods for prediction of the performance of

containment buildings subjected to severe accident

loads and to identify areas needing improvement.

Important measures of containment performance

include the strain response during the loading history,

the pressure capacity, the failure mechanism, and the

location of failure. The test includes a thick steel shell

contact structure (CS) that sits over the SCV model

with a nominally uniform gap between the walls of the

two structures. The nominal gap size was selected to

allow the SCV model to experience deformation well

beyond the elastic range prior to its contact with the CS.

This test allowed specific features of the SCV/CS

interaction to be studied including closure of gap,

progression of contact, and load sharing between the

SCV and the CS.

The pretest finite element analyses can be categorized

based on their objectives. Early scoping calculations

were performed to support the design efforts, mainly to

answer questions regarding the effects of the mixed

scaling of the SCV model and the effects of including

the CS in the test. These analyses also answered

modeling questions such as the best types of elements

to use and the effects of friction between the SCV and

the CS. Because these analyses were conducted before

the material test data were available, nominal material

properties were used. When uniaxial test data became

available, finite element analyses of the test specimens

were used to extrapolate the data for later input to the

finite element analyses used for pretest predictions of

the SCV model behavior.

Global and local analyses based on the final design

geometry and actual material properties were

conducted to examine the response the SCV/CS

assembly. Except for one local analysis of the area

around the equipment hatch, as-built geometric

information was not used. The finite element models

used for pretest predictions of SCVICS behavior are

described below and summarized in Table 1-1. All

analyses of the SCV model were performed using

current versions of the ABAQUS general purpose finite

element code (ABAQUS, 1993a; 1993b; 1994; 1995).

1-1 NUREG/CR-6516



Table 1-1. Summary of Pretest Prediction Analyses

Model Purpose Analysis/Type Elements

GAX18 Global behavior
Axisymmetric/1500 shell and continuum
elements

GAX34
Global behavior with worst case gap Axisymmetric/1500 shell and continuum

dimension of 34 mm elements

G3DS Global behavior with equipment hatch 3-dimensional/4800 shell elements

LTHAXC
Local behavior at top head and knuckle;

Axisymrnetric/7200 continuum elements
include latest contact structure design

LEHS
Local behavior near equipment hatch insert

3-dimensional/4800 shell elements
plate and material change interface

LEHSTb
Effect of thinned area near equipment hatch

3-dimensional/4800 shell elements
insert plate and material change interface

Global response throughout the loading history was

predicted using both axisymmetric and three-

dimensional shell models. Two axisymmetric shell

analyses were performed to predict overall SCV model/

CS response given two different sizes for the gap

between the exterior surface of the SCV model and the

interior surface of the CS. Both of these models

incorporated the extrapolated uniaxial test data of the

materiaIs used in construction of the SCV model.

However, properties of the CS were based on design

properties for A36 steel because the CS design was in a

preliminary phase at the time of the analyses. The first

axisymmetric analysis (designated GAX 18) included

an 18 mm gap, the nominal gap size used for design of

the CS. Because a worst case scenario based on

fabrication tolerancing information postulated that the

gap could be as much as 34 mm, a second

axisymmetric analysis using a 34 mm gap (GAX34)

was used as a bounding calculation. Results for stress

and strain distribution histories from both axisymmetric

models were evaluated and used to guide development

of the mesh for the subsequent three-dimensional shell

model.

Much of the SCV/CS assembly behaves as an

axisymmetric structure. However, the design does

include one non-axisymmetric feature—the equipment

hatch with its surrounding reinforcement plate.

Therefore, a global three-dimensional shell model

(G3DS) based on the final design dimensions of the

SCV model and the CS was developed to determine the

effects of this non-axisymmetric feature. Like the

axisymmetric models, the three-dimensional shell

model used the uniaxial test data for the SCV model

and A36 steel for the CS. The only difference between

this model and the axisymmetric model with the 18 mm

gap is the explicit inclusion of the equipment hatch and

reinforcement plate. This model indicated that the two

areas of highest strain were the top head and the area

around the equipment hatch. Although the global

model could provide acceptable results for most areas

of the SCV model, mesh refinement was required in

areas of high strain gradients, especially in order to

model response at internal pressures near failure.

Therefore, two submodels with more refined meshes

were developed for local analyses of the critical areas

identified by the global analyses, the top head and the

area near the equipment hatch.

—,. . . . . . . . .
1he hrst local submodel was an axlsymmetnc model ot

the top head (LTMC). This model was developed with

continuum elements rather than shell elements to
capture the stress and strain concentrations at the

drastic changes in wall thickness near the knuckle and

the top head flange. Boundary conditions from the

global three-dimensional shell analysis were averaged

over the circumference so they could be applied to the

axisymmetric model. At the time this model was

developed, the design of the CS had changed in the area

near the top head. Therefore, the top head submodel

used representations of the top head of the SCV model

and the top of the CS that were both based on final

design dimensions. However, the material of the CS
was still assumed to be A36 steel.
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The second local submodel based on final design

dimensions was a three-dimensional shell model of the

area near the equipment hatch and thickened

reinforcement plate (LEHS). In this case, boundary

conditions on the edge of the local mesh were applied

directly from the global three-dimensional shell

analysis. Stress and strain concentrations occur in this

area due to a dramatic jump in thickness from the SCV

wall to the reinforcement plate and because a material

interface at which two dissimilar steels are welded

together also lies in this region.

— 1-3

Finally, during on-site inspection of the SCV model,

point measurements of the thickness of the SCV wall

near the reinforcement plate indicated that the material

had been thinned such that the as-built thickness was

less than that specified in the design. Because this area

had already been identified as one in which high strains

occurred, a representation of the as-built wall thinning
was incorporated into the local three-dimensional shell

model of the equipment hatch (LEHSTh). Because the

extent of the area over which the thinning occurs in the

SCV model is not known, the thinning effect could only

be approximated.
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2. Test Article Description

The steel containment vessel (SCV) model, which

incorporates some of the major features of a boiling

water reactor (BWR) Mark II containment, was built in

Japan by Hitachi Works, Ltd. and shipped to Sandia

National Laboratones (SNL). At SNL, the model was

enclosed in a contact structure (CS) made of carbon

steel. The CS was designed to allow a minimum

nominal gap of 18 mm between the exterior surface of

the SCV model and the intenor surface of the CS. The

SCV/CS assembly will be tested within a fragment

barrier designed to contain by-products of a

catastrophic failure of the SCV. The fragment barrier is

below grade and consists of a reinforced concrete floor

and walls and a structural roof. Photos of the SCV

model and the SCV/CS assembly on the test site at SNL

are shown in Figure 2-1 and Figure 2-2.

2.1 Geometry

me georne~esof the SCV model and the CS are

described in detail in the following two subsections.

2.1.1 Steel Containment Vessel

The SCV model is scaled 1:4 in all wall thicknesses and

1:10 in overall geometry from a prototype Japanese

BWR Improved Mark II containment. Whereas the

design pressure of the prototype containment is

0.31 MPa (45 psig), the scaled design pressure for the

mixed-scale SCV model is 0.78 MPa ( 113 psig).

Figure 2-3 shows an outline schematic of the SCV

model with the CS. Detailed Hitachi drawings of the

model are included in Appendix A. The SCV model

consists of a number of sections with different wall

thicknesses. Except at the knuckle, alI thickness

variations in the SCV model occur on its exterior

surface so that the interior surface is smooth. Included

in the SCV model is an equipment hatch opening with a

thickened reinforcement plate. The hatch is not to

scale. and the hatch cover is welded shut. In addition,

the flanges of the top head (drywell head) are

represented by a single thick steel ring scaled to match

the hoop stiffness of the scaled flanges. The SCV

model also includes several stiffeners and a material

change interface where dissimilar steels are welded
together with a full penetration weld. For convenience,

the various sections of the model have been given

names (for example, the “spherical shell,” the “lower

conical shell,” and the “knuckle”) as shown in

Figure 2-3. These names will be used throughout this

report to refer to various locations on the model.

The portion of the SCV model above the ring support

girder approximates the major features of an actual

containment, but the lower portion of the model (i.e.,

the bottom head below the upper flange of the ring

support girder, including the access hatch and other

openings) does not. These parts of the model merely

complete the pressure boundary. The SCV model was

designed to ensure that neither leakage nor f~lure will

occur below the upper flange of the ring support girder

during testing, and that deformations in those areas will

be negligible.

2.1.2 Contact Structure

Japanese Improved Mark II BWR containment consist

of a steel containment vessel surrounded by a

reinforced concrete shield building. (US containment

are typically constructed of reinforced concrete with a

steel liner.) Under severe accident loadings, it is

anticipated that the steel containment vessel will grow

until it contacts the surrounding shield building. The

CS included as part of this test was intended only to

allow investigation of the response of the SCV model
against an almost rigid surrounding structure during

pressurization, so that the behavior of the SCV was

more representative of the expected behavior of actual

plants. The CS was not designed to simulate the effects

of the concrete shield building in physical pIants.

The CS was designed to remain essentially elastic (i.e.,

only local yielding is permitted) until the SCV reaches

an internal pressure of approximate y 10 times its

design pressure. Figure 2-3 shows the SCV/CS

assembIy. The CS was welded to the ring support

girder with a partial penetration weld. Design drawings

of the CS are also included in Appendix A.

The CS was designed to provide a minimum gap of

18 mm between the exterior surface of the SCV and the

interior surface of the CS. This dimension was selected

to ensure that at least one of the following criteria was

met before contact occurred, despite reasonable

variations due to fabrication difficulties and tolerances:
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1. deformation in the conical section equals the

scaled gap dimension (9 mm) between an

actual BWR Mark II containment and its con-

crete shield building;

2. deformation in the knuckle region equals two

times the scaled gap dimension;

3. strain measured by any functioning surface
straln gage exceeds 570 (including the sum of

membrane and bending strain and any strain

concentrations).

The gap was also designed with the intent that

generalized contact between the SCV and the CS would

be made prior to structural failure of the SCV.

2.2 Materials

Materials used in the design of the SCV model and

contact structure are described in the following two

sections, respectively.

2.2.1 SCV Model

The portion of the model above the ring support girder

is constructed of SGV480 steel and SPV490 steel.

SGV480 steel is the material above the material change

interface, and SPV490 steel is the lower material.

Standard properties for these materials (Table 2-1) were

supplied by Nuclear Power Engineering Corporation

(NUPEC) of Japan. In addition, NUPEC provided

results of standard uniaxial tests performed on

specimens taken from the SCV material. These data

are included in Appendix B.

The bottom surface of the ring support girder is spot

welded to four steel support legs. These legs are bolted

to the floor of the fra=ment barrier constructed to house

the model.

2.2.2 Contact Structure

In the final design (Appendix A), the CS is constructed

of 38 mm-thick, SA516 Grade 70 steel with a nominal

yield strength of 258 MPa and an nominal ultimate

strength of 476 MPa. The CS was fabricated by

Chicago Bridge & Iron Services, Inc.

2.3 As-Built Features

Several measurements of the as-built SCV model and

the CS were made. Measurements taken of the SCV

before installation of the CS included thickness and

radius of the SCV wall at several points around the

circumference for various elevations. After the CS was

installed, the gap between the exterior surface of the

SCV model and the interior surface of the CS was also

measured at several locations.

2.3.1 SCV Wall Thicknesses

Thickness measurements were made at Hitachi before

shipment of the model to SNL. Details of these

measurements are included in Appendix C. In general,

the as-built SCV model is 5% to 10% thicker than the

design. This would indicate that the actual hoop strains

would be lower at a given pressure than those predicted

by the finite element models based on design

dimensions. However, near some of the weld lines, an

occasional measurement indicates a thickness slightly

(2% to 3%) less than the design. There is no way of

knowing how localized this thinning is since there is a
l~ge distance between measurements.

Thickness measurements were also taken at SNL after

installation of the model in the fragment barrier.

Measurements made at SNL focused near weld seams

where evidence of grinding was visible and near the

equipment hatch. These measurements are also

included in Appendix C. The measurements near the

Table 2-1. Nominal Material Properties

Property SGV480 SPV490

Minimum yield strength 265 MPa 490 MPa

Tensile strength 480 to 590 MPa 610 to 735 MPa

Minimum elongation after fracture 17% 1890 for 9 mm plate
25% for 17.5 mm plate
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equipment hatch indicated an area of significantly

thinned material, albeit of unknown extent. These data

were used to study the effects of local wall thinning in a

detailed finite element analysis of the area around the

equipment hatch.

2.3.2 External Radii

On-site measurements of external dimensions of the

SCV model were made by Chicago Bridge& Iron

Services, Inc. prior to construction of the CS. The

reported data shown in Appendix C give the radii

measured from a calculated mean centerline at 45-
degree increments mound the circumference of the

SCV at each of several elevations. These data indicate

that, in nearly all the sections below the conical to

spherical transition region, the radii vary less than 0.3%

around the circumference. (Only one point in the lower

conical section has a higher variation, which still is only

0.55%.)

2-3

2.3.3 Gap Dimensions

Appendix C also includes the results of measurements

done by SNL on the gap between the exterior surface of

the SCV model and the interior surface of the CS after

installation. The only area in which the gap is less than

the 18 mm design is near the top of the contact

structure. Therefore, localized contact might initiate in

this region somewhat earlier than predicted in the finite

element analyses. However, this should not have a

significant effect on the model behavior. Except near

the equipment hatch, the gap varies from roughly 20 to

25 mm, which is greater than the 18 mm of the design

but significantly less than the “worst case” scenario of

34 mm. This worst case scenario was investigated by

finite element analyses prior to the contact structure

design and is described in Section 5.3 of this report.
The gaparound the top of the equipment hatch is

significantly larger at 27 to 33 mm but still below the

34 mm case investigated by axisymmetric analyses.

Because all as-built gap dimensions fall within the

bounds examined by the 18 mm and 34 mm

axisymmetric analyses, additional analyses using

specific as-built gap dimensions were not warranted.
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Figure 2-1. Photo of the SCV model on site at Sandia National Laboratones in Albuquerque, New Mexico.
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Figure 2-2. Photo of the SCV/CS assembly on the test site.
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3. Test Description

The steel containment vessel/contact structure

(SCV/CS) assembly was subjected to monotonically

increasing static internal pressure as described briefly

in this section. Further details of the test sequence and

the pressurization system are contained in the project

test planl.

3.1 Pressure Supply

For the internal pressurization test of the SCV model,

the pressure source consists of liquid nitrogen that is

gasified and regulated to a constant pressure and

temperature. The temperature of the nitrogen gas

inside the SCV model is maintained to within ~3°C of

the ambient temperature (15”C). This relatively

constant gas temperature is achieved by setting the

temperature at the pressure source location. Additional

heating, if needed, is supplied by heaters before the

nitrogen gas enters the model.

3.2 Pressurization Sequence

The pressurization sequence of the SCV test follows a

monotonic rise of the internal pressure inside the SCV

model until the model fails or the pressure level reaches

15.9 Pd ( 12.4 MPa, 1800 psig). The pressurization test

will be terminated when the SCV model experiences a

structural failure in terms of a catastrophic failure or a

significantly large tear. If the SCV modei leaks from

the occurrence of multiple small cracks, then the

pressurization system may not be able to maintain a

constant pressure inside the model. At this time the

SCV model will have experienced a fictional failure,

and the test will be terminated.

The internal pressurization test has three distinct stages

in its test sequence:

1. first stage (O -4.6 Pd)

2. second stage (4.6 Pd)

3. third stage (4.6 Pd - model failure or 15.9 Pd)

where Pd is the scaled design pressure (0.78 MPa). The

entire test sequence is shown in Figure 3-1.

3.2.1 First Stage (O -4.6 P~)

According to preliminary analysis results2’3, the conical

section of the SCV model expands one scaled gap

dimension of 9 mm at an internal pressure of

approximately 4.6 pd, and the structure behaves

essentially in the elastic domain throughout this stage.

The end of the first stage of the test will occur when the

average displacement of any array of four displacement

transducers (0°, 90°, 180°, and 270°) at a given

elevation is equal to 9 mm, regardless of the pressure.

3.2.2 Second Stage (4.6 Pd)

This pressure condition is held at a constant level for 30

minutes. During this stage, the SCV model behaves as

a stand-alone structure; no contact occurs between the

SCV model and the CS.

3.2.3 Third Stage (4.6 Pd – model
failure or 15.9 P~)

The SCV model behaves in the plastic domain

throughout this stage. As the pressure continues to

increase, the SCV model will take a longer time at each

pressure step to arrive at a state of steady structural

response. Accordingly, the incremental pressure rise

for each step will be reduced, and the dwell time will be

increased.

2 Porter, V.L., “Analysis of SCV Model Pressurization using Typi-

cal Material Properties,” Sandia memorandum to V.K. Luk, Janu-
1 Luk, V.K., “Steel Containment Vessel Model Test Plan,” Project w 18, 1994.

Report No. R-SN-S-C03, Rev. B, Sandia Nationat Lrsbomtories, 3 Porter, V.L., ‘“Three-Dimensional Analysis of Equipment Hatch,”

Albuquerque, NM, December 1996. .%ndia memorandum to V.K. Luk. February 22, 1995.
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4. Finite Element Model Development

The finite element models described in this section

were preliminary analyses used to develop confidence

in the models eventually used for pretest predictions.

Finite element analyses of the actual containment were

used to select the element types. Early analyses of the

steel containment vessel (SCV) model were used for a

parametric study of the effects of including a contact

structure (CS) in the test and the effects of friction

between the two structures on SCV behavior. These

early models of the SCV were based on nominal

material properties for SGV480 and SPV490 steels

obtained from published literature. Also described in

this section are finite element models of uniaxial test

specimens used to extrapolate the data obtained from

urtiaxial tests of the actual materials used in the SCV

construction.

4.1 Selection of Element Types

Two-dimensional axisymmetric analyses are useful

tools for capturing the global response of the SCV

model and contact structure because the only non-

axisymrnetric feature is the equipment hatch. In

addition, axisyrnmetric shell elements are convenient

because their inherent coordinate systems have axes

through the wall thickness and along the meridional

direction of the shell. A question was raised about the

accuracy of shell elements in areas of stress

concentration due to the thickness variations in the

SCV wall. An extensive study of the behavior of

axisymmetric shell elements, compared to

axisymmetric continuum elements, showed that the

shell elements did indeed adequately model the

45678. However,transitions in wall thickness ‘ > ‘ ‘

additional axisymmetric continuum element analyses

were indicated in the top head region at the knuckle and

the flange where more drastic thickness variations

4

5

6

7

8

Theme, B. J., “Accuracy of Axisymmetric Shell Calculations for
Steel Containment Vessels,” Sandia memorandum to R.A. Wat-
son, May 11, 1992.
Thome, B. J., “Further Thought on Stress Concentration at Thick-
ness Changes,” Sandia memorandum to M.P. Bohn, February 1,
1993.
Theme, B.J., “H&h Resolution Fhite Element Calculations to
Investigate the Effect of Stress Concentrations at Thickness
Changes on the Response of the MK-11 Steel Containment Ves-
sel,” Sandia memorandum to R.A. Watson, March 10, 1993.
Theme, B. J., “Steel Containment Vessel Analysis Efforts during
January and February 1993,” Sandia memorandum to R.A. Wat-
son, March 24, 1993.
Theme, B.J., “Comparison of ABAQUS Torisphericrd Head Cal-
culations with Kirk and Gill Data,” Sandia memorandum to R.A.
Watson, April 12, 1993.

occur. The preliminary axisymmetric analyses also

indicated that the two-node axisymmetric shell

elements performed much better than the three-node

elements, especially in the presence of contact, as long

as the linear elements were sufficiently small to

represent the curved surfaces in the model. Hence, all

subsequent two-dimensional shell analyses were

performed using two-node axisymmetric shell

elements.

Global three-dimensional discretization of the SCV

model and CS was required to get boundary conditions

for local studies focused on the equipment hatch. Shell

elements were the only feasible choice for these global

three-dimensional analyses because the number of

continuum elements required to sufficiently represent

bending in the thin wall of the vessel would be

extremely high. Four-node shell elements capable of

representing finite membrane strains were used in these

three-dimensional computations. For the local analysis

around the equipment hatch, a fine mesh of these

elements was used to ensure adequate representation of

the geometry.

4.2 Friction Studies

‘l%is section documents early scoping studies regarding

the behavior of the SCV model with an exterior CS.

Both the infhtence of CS stiffness and of the amount of

friction between the vessel and the CS were investi-

gated. ABAQUS, Version 5.2 (1993a) was used for the

computations described in this section.

4.2.1 Finite Element Model Description

All simulations described in this section were

preliminary axisymmetric analyses of the SCV model

with a conceptual representation of the CS that

preceded the actual design (Porter, 1994)9’ 10. The finite

element model is shown in Figure 4-1. The finite

element mesh for the SCV model consisted of 273 two-
node axisymmetric shell elements for the shell walls,

ring stiffeners, and top and bottom rings of the ring

9 Porter, V.L., “SCV Model Pressurization with a Surrogate SteeI
Shield Structure,” Sandia memorandum to V.K. Luk, February

10 &fl~~9$L,, ,’Fu~her Investigation of Friction Effectsfor
Shielded SCV Model,” Sandia memorandum to V.K. Luk, May
4, 1994,
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support girder. Gusset plates used for stiffeners of the

ring support girder, the top head flange, and the bottom

head flange were modeled with 116 four-node

axisymmetric quadrilaterals. The CS consisted of 86

two-node axisymmetric shell elements. The CS

geometry in these analyses was based on an early

conceptual design that completely enclosed the SCV

model with gap dimensions based on one-tenth scale of

the gap in the actual plant.

The symmetry boundary condition of no radial

displacement was imposed on the two nodes which lie

on the axis of symmetry of the model as depicted in

Figure 4-1. The model was constrained in the vertical

direction by fixing the vertical displacement at the node

on the bottom outside comer of the ring support girder,

so all vertical displacement results are relative to this

point. This point was chosen because the SCV model is

supported on legs attached to the underside of the ring

support girder. The legs themselves were assumed to

be rigid and thus were not included in the finite element

model.

Gusset plates were welded between the upper and lower

rings of the ring support girder to provide it with

significant shear and bending resistance. To include the

effect of the 32 gusset plates in the axisymmetric finite

element model, we modeled them as a solid ring with

an orthotropic material model and a reduced Young’s

modulus. The ring representing the gusset plates was

assumed to have no stiffness in the hoop direction. The

reduced stiffness in the axial and radial directions was

obtained by multiplying Young’s modulus of the actual

material by the ratio of the actual area of the gusset

plates to the area of the solid ring in the axisymmetric

finite element analysis.

Note that the CS is attached to the top ring of the ring

support girder at one node. Because both the top ring

of the ring support girder and the CS are modeled with

shell elements, this common point has only one

rotational degree-of-freedom. In other words, the

rotation of this node is constrained by both the CS and

the ring, which is a realistic representation. Common

shell nodes also enforce similar rotational constraints

where the rings of the ring support girder and all

internal ring stiffeners are attached to the SCV model.

Pressure was applied to the entire interior surface of the

SCV model. The CS was only loaded through contact

with the SCV model and its connection to the ring

support girder. Contact between the two structures was

modeled with two-node, axisymmetric slide line

elements superimposed on the SCV model shell

elements. When contact occurs between the nodes of

these elements and the elements on the CS, a stress is

induced in the slide line elements in the direction of the

normal. A tangential stress is also introduced if a non-

zero coefficient of friction is specified.

The steel vessel was constructed of SPV490 and

SGV480 steels. Because test data for the actuai

materials used in the model were not yet available at the

time of these analyses, previously reported values from

the published literature were used (Isozaki et al., 1986).

The reported stress-strain behavior for these two

materials was converted to true stress and true strain

(Figure 4-2). The ends of the plotted curves represent

behavior at the maximum load because conversion to

true stress and strain is not possible beyond this point
without knowing the reduction in cross-sectional area at

the point of necking in the sample. The finite element

code assumes perfect plasticity (no hardening) beyond

the strains plotted in the figure.

In the first analysis, the CS was assumed to be nearly
rigid by givingita veryhigh elastic stiffness and not

allowing it to yield. Zero friction was assumed

between the SCV wall and the CS. A second set of two

analyses assumed the CS was constructed of SGV480

with the material response shown in Figure 4-2. In

these analyses, the CS is referred to as “flexible” only

to differentiate these analyses from the previous

analysis with the “rigid” CS. For this set, both a

frictionless model and a model assuming a coefficient

of friction (~) of 0.25 between the vessel wall and the

CS were analyzed. Finally, in order to isolate the

effects of friction on vessel behavior, a third set of

simulations was run using the model with the rigid

representation of the CS with coefficients of friction

ranging from 0.01 to 0.5 by increments of 0.1.

The results discussed in this section of the report have

been selected to demonstrate only the effects of CS
ri@ity and the effects of the amount of friction. More

detailed results of model behavior based on later finite

element models that more closely represent the final

design SCV/CS are described in later sections.

4.2.2 Results

Figure 4-3 shows the finite element discretization of the

top head and knuckle regions of the SCV model. The

upper part of Figure 4-3 shows the part of the top head
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where the cylindrical shell transitions to the spherical

head. The first element above the top head flange is

element number 156. The lower part of the figure

shows the knuckle region. The knuckle itself consists

of 10 elements numbered 130 to 139.

Results for the SCV response in the top head and

knuckle regions are shown in Figure 4-4 through

Figure 4-9. F@re 4-4 and Figure 4-5 show the history

for the vertical displacement at the top of the SCV

model. This displacement is caused by the strains in

the top head itself as well as meridional membrane

strains in the SCV wall from the top head flange down

to the ring support girder, the point at which the vertical

displacement is constrained. The latter meridional

strains cause vertical rigid body motion of the top head

above the flange. Figure 4-4 and Figure 4-5 show that

the vertical displacement at the apex was the same for

all simulations up to an internal pressure of 5.0 MPa.

This is approximately the pressure at which full contact

was achieved between the SCV model and the CS along

the entire surface from the knuckle down to the top of

the lower cylindrical shell. Above this pressure, the

effects of friction and the rigidity of the CS on the top

head displacement became more noticeable. Beyond

an internal pressure of 11.0 MPa, the vertical

displacement increased very rapidly due to extensive

yielding near the center of the top head.

It is interesting to note that the displacement for the

frictionless case was the lowest. In addition, all values

of friction coefficient from 0.2 to 0.5 resulted in

approximately the same vertical displacement, with

0.10 only slightly less. In all the analyses, the lower

cylindrical shell yielded, leading to large radial

expansion in this region which tends to pull down the

containment wall above this section, thus decreasing

the vertical displacement of the top head. However, if

sufficient friction exists between the wal} of the SCV

model and the CS, this effect will be very localized near

the lower cylindrical shell. Hence, the radial expansion

in the lower cylindrical shell should have the greatest

influence on the top head displacements in the case

with the least amount of friction. Thus, the frictionless

analysis should have the smallest vertical displacement

at the apex as indicated in Figure 4-5.

Figure 4-6 and Figure 4-7 show the distribution of

equivalent plastic membrane strain in the top head from

the element just above the top head flange (element

156) to the element at the center of the top head

(element 195) at an internal pressure of 6.0 MPa (for

clarity, every other element is represented by a symbol

on the plots). Neither the stiffness of the CS nor the

amount of friction appeared to influence the plastic

strain in the top head. Therefore, the analyses results

are identical. This similarity in strains indicates that the

difference in vertical displacements at the apex of the

top head after contact is established between the SCV

model and the CS (as shown in the previous two

figures) is due to differences in vertical rigid body

motion of the top head flange caused by meridional

strain below the flange; it is not due to differences in

strain in the top head itself. It further indicates that the

thick top head flange serves as a constraint against

radial motion that is not affected by the presence of a

Cs.

Figure 4-8 and Figure 4-9 show the response in the

knuckle region of the SCV model for various

coefficients of friction. The knuckle region consists of

elements 128 to 149, while the knuckle itself includes

elements 130 to 139. Locations of element numbers

indicated on the plots are depicted in Figure 4-3.

The effects of friction on the hoop strain are shown in

Figure4-8 and the effects on meridional strain in
Figure 4-9, both for 6.0 MPa internal pressure. These

results show that the only major difference was in the

hoop strain. The hoop strain decreased as the

coefficient of friction was increased. In particular, the

results for the frictionless analysis showed significantly

higher hoop strains than any of the analyses with non-

zero friction in the knuckle region.

Figure 4-10 shows the finite element discretization in

the upper and lower conical sections, as well as the

location of the thickness changes and the material

transition. Even though the equipment hatch could not

be included in these axisymmetric analyses, its location

is indicated because the global axisymmetric response

is important in this region.

Figure 4-11 through Figure 4-16 show some selected

analysis results in the upper and lower conical sections.

The upper conical section contains elements 74 through

109, and the lower conical section consists of elements

34 to 73. For clarity, only every other element is

represented by a symbol. Locations for all these

elements are shown in the schematic in Figure 4-10.

The effects of friction on the hoop and meridional

strain components in the upper conical section are

shown in Figure 4-11 and Figure 4-12, respectively, at
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an internal pressure of 6.0 MPa. The only notable

difference shows in Figure 4-11, where the hoop strain

for the frictionless case is higher than any of the cases

that included non-zero friction. However, the value of

the coefficient of friction between 0.1 and 0.5 appears

to make little difference.

Results for the lower conical section are shown in

Figure 4-13 and Figure 4-14. The effects of friction in

this section of the model are basically the same as in the

upper conical section. The major effect of friction

appears in the hoop strain component, with the case of

frictionless contact exhibiting a higher hoop strain than

any of the non-zero friction analyses.

Figure 4-15 and Figure 4-16 show the vertical

displacements at the elevation on the axisymmetric

model corresponding to the top of the equipment hatch.

The effects of friction were much more dramatic in this

area. In fact, the presence of friction actually reversed

the direction of the final vertical displacement at the top

of the equipment hatch. This dramatic difference

between a frictionless and a non-zero friction contact

for internal pressures higher than 5.0 MPa was mainly

due to deformations occurring in the lower cylindrical

shell at these pressures. The lower cylindrical shell

experienced large radial expansion at pressures beyond

5.0 MPa which, in the case of no friction, caused the

vertical displacement of the equipment hatch to reverse

direction and become negative when the pressure

exceeded about 6.3 MPa. However, in the case of non-

zero friction above a value of 0.2, the contact between

the SCV model and the CS provided constraint against

this tangential downward motion. In the presence of

friction, the equipment hatch moved upward following

the general conical shell deformation of the CS.

Increasing the coefficient of friction above 0.2 had little

effect on the vertical displacement at the elevation

corresponding to the top of the equipment hatch.

Figure 4-17 shows the finite element discretization of

the lower cylindrical shell area of the SCV model. The

upper mesh shows the elements in the area where the

SCV model transitions from the lower cylindrical shell

to the lower conical wall section. The lower mesh

shows the transition from the very thick spherical

bottom head to the lower cylindrical shell. Element

number 200 is the last element of the bottom head and

element number 1 is the first element of the SCV model

in lower cylindrical shell. Element 264 is the first

element of the CS where it attaches to the exterior ring

support girder.

Figure 4-18 and Figure 4-19 show results for the

response in the lower cylindrical shell of the model. As

in the upper and lower conical regions, the effects of

friction are visibIe only at an internal pressure higher

than 5.0 MPa. The major effect occurs in the hoop

strain component and is significantly different only for

the case of a completely frictionless contact.

4.2.3 Effect of Friction on the
Uplift Force

The amount of uplift that the CS imparts to the outer

ring support girder can be estimated from the

meridional stress in the CS at a point immediately

above the support. Multiplying the meridional

membrane stress by the cross-sectional area of the CS

element just above the support girder (element 264 in

Figure 4-17) gives the total uplift load. Figure 4-20

shows the uplift force for the two flexible structures

(the force in the “rigid” structure is meaningless). Note

that this is the total force exerted on the entire

circumference of the ring. The results indicate that the

effect of friction is to reduce the uplift force on the ring

support girder.

4.2.4 Conclusions from
Friction Analyses

Comparison of the results of these analyses

demonstrated obvious differences between the models

with no friction and those with some friction. However,

the actual value of friction coefficient between 0.1 and

0.5 made little difference. Because the surfaces in the

actual SCV model and CS are not lubricated, some

friction can be assumed to be present. Therefore, all

subsequent pretest prediction analyses described in

Section 5, Section 6, and Section 7 were run using a

coefficient of tiiction of 0.2.

4.3 Material Models

One of the most important components of any finite

element analysis is the model of material behavior. The

material model consists of two parts: the material data

and the constitutive model. This section describes the

methods used to ensure the best possible material

modeling with the test data provided.
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Material data in the form of results from tensile test

specimens of the actual materials used in the SCV

model construction were provided by Hitachil 1’12and

are included in Appendix B. These data consist of

measured load vs. elongation over a specified gage

length up to the point of necking in the specimen. Over

this range, load can be converted to engineering and

true stress, and elongation can be converted to

engineering and true strain by the use of simple

analytical equations. However, the tensile tests

represent only a simple unidirectional Ioading, while

the SCV model is a complicated, three-dimensional

object that will experience a multi-directional stress

field under internal pressure and contact. Therefore,

local true stresses experienced in the model may well

be above those at maximum load of a tensile test

specimen, and the data must be extrapolated by a

rational method.

Furthermore, a constitutive model that best represents

the entire range of extrapolated test data must be

selected. Mild steels such as those that compose the

SCV model are commonly represented by elastic-

plastic materials with isotropic hardening. However,

the form of the hardening curve is extremely important

when attempting to model a structure far into the plastic

region. In particular, the correct form for the hardening

curve is essential for failure prediction (Wellman and

Salzbrenner, 1992). It must be noted that these material

models do not directly address failure. Failure must be

treated in a post-processing step separate from the finite

element analysis.

The true stress-true strain data from the uniaxial tests
were used to fit a theoretical hardening curve such as a

power law or inverse hyperbolic sine law*3. In addition

to capturing the measured behavior up to maximum

load, prediction of the behavior of the SCV up to failure

requires reasonable extrapolations of the true stress-true

strain data beyond maximum load. The tensile tests

were simulated using a finite element model to verify

the behavior after maximum load. This section

describes the procedure used to fit the material models

to the tensile test data and to obtain reasonable

extrapolations beyond maximum load.

11 14th Task Group Meeting Notes, CTG-14-04,
November 16, 1994.IZ ~= ~om Hitachi, December 20, 1994’

13 ~mer p,&, -ExtmPolation of Hitach] Tensile Test Dat%”

Sandi~ memorandum to V.K. Luk, June 6, 1995.

4.3.1 Conversion of Test Data to True
Stress and The Strain

In a tensile test, the engineering strain, e, is written in

Equation 4.1:

l–l.
e.—

10 (4.1)

where 10represents the initial gage length of the test

specimen and 1represents the current gage length of the

test specimen. The engineering stress, s, is calculated

directly from the load using Equation 4.2:

F
s=—

‘%
(4.2)

where F is the axial load on the tensile test specimen

and A. is the original cross-sectional area. The true

strain, 8, is defined as

(4.3)

which is valid only for a homogeneous deformation

over the gage length, and the true stress, O, is defined as

F(J. —
A

(4.4)

where A is the instantaneous cross-sectional area. By

rearranging Equation 4.1 and combining with

Equation 4.3, the true strain may be written in terms of

the engineering strain:

&= ln(l + e) (4.5)

By using the constant volume relationship, AOLO= AL,

and combining Equation 4.2 and Equation 4.4, the true

stress may be written in terms of the engineering stress:

c7=s(l+e) (4.6)

Equation 4.5 and Equation 4.6 assume that the volume

is constant, the stress is uniform through the cross-

section, and the deformation is homogeneous

throughout the gage length. However, at the point of

maximum load in the tensile test, the deformation

localizes, necking occurs, and the assumption of

homogeneous deformation throughout the gage length
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is violated. In addition, the stress distribution is no

longer uniform through the cross-section. So,

Equation 4.5 and Equation 4.6 are not valid beyond

maximum load. Although the engineering stress

decreases after necking because less load can be carried

across the reduced cross-section, the true stress

continues to increase (Dieter, 1986).

4.3.2 Procedure for Extrapolation
of Test Data

The following procedure was used to obtain the

necessay data. First, two different hardening plasticity

models were fit to the experimental tme stress-true

strain data, which were available only up to maximum

load, using a MATLAB (1992) curve fitting routine.

These two models were chosen for their ability to

accurately capture the hardening behavior of most

steels. The first model is the power law hardening

model shown in Equation 4.7 (Stone, 1997):

CTe- CTy$ = ‘(’’-’J (4.7)

where A and n are the constants calculated from the

curve fit, rse is the effective stress, 6Y$is the yield stress,

~p is the equivalent plastic strain, and &Lis the Luder’s

strain or yield plateau. The use of the brackets, ( ),

denotes the Heaviside function where the expression

enclosed in the brackets takes the value of the enclosed

expression when positive and otherwise is zero. The

second model uses the inverse hyperbolic sine function

and is shown in Equation 4.8:

De - CY~= A sinh
-’(B(EP-&L)) ““8)

where A and B are the constants calculated from the

curve fit.

After determining which of the two hardening models

provided the best fit to the data from each set of tensile

tests, each set of tensile tests was simulated using the

appropriate constitutive relation in the SANTOS finite

element program (Stone, 1997). F@re 4-21 shows the

axisymmetric finite element model used. Only the top
half of the length of the round bar was modeled because

it is symmetric about the plane normal to the axis of the

specimen at the center of the gage length. To ensure

that the localized deformation occurs at the center of

the gage length, the diameter was reduced by 0.5–1 .O’70

at the plane of symmetry at the bottom boundary to

provide an initial geometric imperfection. The

specimen is restrained in the y-direction at the plane of

symmetry, and displacements were imposed in the

y-direction at the free end.

As shown in Equation 4.1, the engineering strain is

obtained by dividing the change in the gage length or

displacement by the original gage length. The load on

the specimen can be converted to engineering stress by

dividing by the original cross-sectional area as in

Equation 4.2. The load-displacement data from the

finite element analysis of the tensile test specimen were

converted to engineering stress-strain data and

compared to the engineering stress-strain data supplied

by Hitachi in an attempt to verify the post-peak

behavior. If the data from the finite element analysis

did not correlate well with the Hitachi data, a new curve

fit was tied and a new finite element analysis

performed. This iterative process was repeated until

reasonable post-peak behavior was obtained.

Hitachi performed a set of four tensile tests for each of

the 11 different materiaI/thickness combinations (two

in the rolling direction and two in the transverse

direction) for a total of 48 tests (one batch of tests was

repeated). Table 4-1 summarizes the results of the

curve fitting for the different SGV480 thicknesses;

Table 4-2 summarizes the results of the curve fitting for

the SPV490 thicknesses. For the SGV480 materials,

the inverse hyperbolic sine law model worked best,

while the power law worked best for the SPV490

materials.

Figures 4-22 through 4-32 consist of two plots each.

The upper plot shows the true stress-true strain tensile

test data sets along with the selected curve fit for each

thickness of each material in the SCV model. The

bottom plot in each figure shows the corresponding
engineering stress-engineering strain data with the

output of the finite element analysis of the tensile test.

In other words, the top curves represent the fit of the

constitutive model to the test data, and the bottom

curves show the quality of the extrapolation of the test

data beyond maximum load. The curves representing

the finite element analyses using the theoretical

constitutive models continue indefinitely because these

models do not address failure. Failure must be assessed
as a separate post-processing step after the finite

element analysis of the SCV model is performed.
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Table 4-1. Summary of Material Parameters - SGV480

A,
Thick- 6Ys, Yield Hardening &L,

Batch ness Strength Constant, B,Strain Luder’s
Designation Location Material (mm) (MPa) (MPa) constant Strain

RT12/ Top Head, Top Head

RT34 Shell
SGV480 6.0 404.9 153.7 15.36 0.01

RT56 Upper Conical Shell SGV480 7.5 404.2 147.5 15.36 0.01

RT78 Upper Spherical Shell SGV480 8.0 386.5 148.0 16.70 0.01

RT91O Middle Conical Shell SGV480 8.5 399.8 I45.0 17.03 0.01

RT1112 Stiffening Ring SGV480 9.5 409.6 139.2 17.71 0.01

RT1314 Stiffening Ring SGV480 12.5 383.6 142.1 18.25 0.01

RT1516 Stiffening Rings (2) SGV480 19.0 378.7 126.0 23.83 0.01

Top Flange, Hatch

RT1718 Covers (2), Hatch SGV480 20.0 379.8 122.0 25.43 0.02

Sleeve

RT1920 Knuckle SGV480 28.0 371.6 110.9 33.20 0.01

Table 4-2. Summary of Material Parameters - SPV490

A,
ays, yield Hardening &L,

Batch Thickness Strength Constant, n, Strain Luder’s
Designation Location .Material (mm) (MPa) (MPa) Exponent Strain

Lower cylindri-

RT2122 cal shell, Lower SPV490 9.0 660.0 390.0 0.45 0.015
Conical Shell

Bottom Flange,

Bottom Head,

RT2324
Stiffening Ring,

Ring Support
SPV490 17.5 598.9 450.0 0.48 0.01

Girder, Gusset

Plates

4.3.3 Implementation into ABAQUS the user must specify the yield stress as a function of

plastic strain, as a series of data pairs, each consisting

ABAQUS requires two options to specify an elastic- of a true stress and corresponding log plastic strain

plastic material model: *ELASTIC, where the user vahe. The stress-strain curves generated by the

specifies the elastic modulus and Poisson’s ratio; and material parameters given in Table 4-1 and Table 4-2

*PLASTIC, which specifies a metal plasticity model were converted to series of true stress-plastic strain data

with a von Mises or Hill yield surface. For this option, pairs for input into ABAQUS.
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Flgyre 4-1. Axisymmetric finite element model of SCV with contact structure at a one-tenth scaled gap from
undeformed SCV.
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Figure 4-6. Equivalent plastic strain in top head above the flange at an internal pressure of 6.0 MPa.
Element locations shown in Figure 4-3.
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Figure 4-11. Effect of friction on hoop strain in the upper conical section at an internal pressure of 6.0 MPa.
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Figure 4-12. Effect of friction on meridional strain in the upper conical section at an internal pressure of 6.0 MPa.
Element locations shown in Figure 4-10.
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5. GIobal Axisymmetric Analyses

The analyses described in this section were used to

provide guidance for the design of the contact stmcture

(CS). Two axisymmetric finite element models were

developed, one with an 18 mm gap and another with a

34 mm gap. These analyses also provided insight about

the distribution of strain throughout the meridional

distance along the steel containment vessel (SCV) wall

in areas away from the location of the equipment hatch.

Both models described in this section used the uniaxial

test data with the extrapolations described in the

previous section. Because the objective of these

axisymmetric analyses was primarily to support the CS

design (and not for prediction of failure), they were

terminated at 8 MPa internal pressure or roughly 10 pd.

5.1 Finite Element Model
Description

The basic finite element model of the SCV and CS for

the axisymmetric analyses appeam in Fi=we 5-114. To

support the CS design effort, two different gap

dimensions, 18 mm and 34 mm, were examined. The

CS was designed with a nominal gap of 18 mm, but

fabrication tolerances could have resulted in gaps of

34 mm in some areas. The uniform 34 mm gap in the

axisymmetric analysis provided a bound on the worst

case.

Two-node axisymmetric shell elements were used for

the SCV walls, ring stiffeners, and rings of the support

girder. Four-node axisymmetric quadrilaterals were

used for the flanges, gusset plates, and the CS. Two-

node axisymmetric contact elements were super-

imposed on the shell elements at the midsurface of the

wall of the SCV to model the contact between the SCV

and the CS. The total number of elements used was

approximately 1600 for both the 18 mm case and the

34 mm case. Based on the earlier parametric studies

described in Section 4.2.1, the coefficient of friction

used for these analyses was 1.L=0.215,so that when

contact occurs, a tangential stress is induced in the

contact elements in addition to a normal stress.

Axisymmetric boundary conditions were imposed on

14 c~er, p.A., and Key, S.W., “AxisymmetricAnalyses of the SCV

Model,” Sandia memorandum to V.K.Luk, November 2, 1995.
ls Pofler v.L,, “Fuflher Investigation of Friction Effects ‘or

Shielded SCV Model,” Sandia memorandum to V.K.Luk,
May 4, 1994.

the node at the top of the hemispherical dome of the

SCV as well as at the bottom hatch cover. The model

was also constrained in the vertical direction at the

bottom outside comer of the ring support girder. The

loading consisted of pressure on the interior of the SCV

and self-weight of the entire structure. The material

models are described in detail in Section 4.3. All

computations were performed with the commercial

finite element code ABAQUS, Version 5.3 (ABAQUS,

1993b).

Gusset plates are welded between the upper and lower

rings of the ring support girder to provide it with

significant shear and bending resistance. To include the

effect of the 32 ~~sset plates in the axisymmetric finite

element model, we modeled them as a solid ring with

an orthotropic material model and a reduced Young’s

modulus. The ring representing the gusset plate was

assumed to have no stiffness in the hoop direction. The

reduced stiffness in the axial and radial directions was

obtained by multiplying Young’s modulus of the actual

material by the ratio of the actual area of the gusset

plates to the area of the solid ring modeled in the

axisyrnmetric finite element analyses.

Because the global axisymmetric analyses were

performed before the design of the CS was finalized,

there are two important differences between the CS as

modeled in these analyses and in the final design. The

tirst difference is that the CS was fabricated from

SA516 Grade 70 steel rather than A36 steel represented

in the analyses. SA516 has a slightly higher yield

(258 MPa [38 ksi] compared to 245 MPa [36 ksi] for

the A36) and also a slightly higher ultimate strength

(476 MPa [70 ksi] compared to 408 MPa [60 ksi] for

A36) (Hucek, 1985). Because the weaker A36 steel CS

remained essentially elastic (i.e., only local yielding

occurred) in these analyses, it is unlikely that the

change in material will significantly affect the results.

The other important difference lies in the geometry of

the CS near the knuckle of the SCV. Figure 5-2 details

the differences between the as-modeled and the final

design geometry for the part of the CS adjacent to the

knuckle. Note the gap at the top of the knuckle in the

final design of the structure is nearly twice that of the

model: 38 mm compared to 18 mm. The final design

geometry near the knuckle is included in the local
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axisymmetric analysis of the top head described later in

Section 7.1.

5.2 Results – 18 mm Case

This section describes results for the case of a uniform

18 mm gap between the SCV model and the CS. In

these analyses, the CS is modeled with A36 steel based

on preliminary designs, but because it is designed to

remain essentially elastic throughout the test, the

response of the SCV model should not be much

different for the CS constructedofSA516 Grade 70

steel in the final design.

5.2.1 Displacement History

Figure 5-3 and Figure 5-4 show the displacement

histories at the boundary condition locations. The apex

of the hemispherical dome on the top head and the

bottom of the bottom hatch cover are the locations

where the axisymmetric boundary conditions are

applied. The vertical displacement as a function of

internal pressure is plotted in Figure 5-3. The scaled

design pressure (Pd) for the model is 0.78 MPa(113

psi). The vertical displacement of the apex of the
hemispherical dome increases linearly until after 3 Pd

where the slope increases. At 5 pd, when the vertical

displacement is just over 15 mm, the effect of the CS

becomes apparent as the slope decreases significantly.

Above 7 pd, the slope increases once again due to

yielding in the top head. At 10 pd the maximum

displacement at the apex is approximately 46 mm. The

bottom hatch cover displaces linearly downward such

that the displacement at 10 Pd is approximately -2 mm.

The horizontal displacement in Figure 5-4 at the bottom

of the ring support girder is relatively small in
comparison to the displacements shown in Figure 5-3.

The displacement is linear until contact initiates at just

over 5 pd, where it continues to increase to a maximum

of nearly ().4 mm at 10 p&

5.2.2 Contact History

Figure 5-5 and Figure 5-6 show the gap closure history

as a function of the meridional distance along the SCV

wall (distance along the shell reference line) starting

with x = O at the bottom of the lower cylindrical shell

and ending at the top of the knuckle (refer to

Figure 5-1 ). The initial gap from the lower conical

section to the knuckle region is 18 mm. When contact
has occurred the gap distance is equal to zero.

NUREG/CR-6516 5-2

Figure 5-5 shows data for 4, 5.1 and 6 Pd. The gap

closes rapidly from P = 4 pd until first contact occurs in

the knuckle region at P = 5.1 pd. As will be shown

later, this is due primarily to the growth of plastic strain

in the middle and upper conical sections as well as in

the knuckle region. Immediately after contact in the

knuckle region, contact occurs in the upper conical

section, and at 6 pd, contact has also occurred in the

middle conical section. By 8 p@ contact has also

spread to the lower conical section (Figure 5-6). When

the internal pressure reaches 10 pd contact has initiated

in the spherical section, and has propagated signifi-

cantly in all other areas, although no contact occurs at

any of the stiffeners.

5.2.3 Strain History - SCV

Figure 5-7 shows the hoop and meridional strains at the

middle surface for two pressures, 5.] pd and 8 pd, as a

function of distance along the SCV wall up to the top of

the middle conical section. At first contact, 5.1 pd, the

strain field is dominated by hoop strains in free field

regions away from any discontinuities. This shows that

the deformation in this region is dominated by radial

expansion. At 8 pd, the meridional strain in the

material just below the material interface is in

compression, and the distribution of hoop strain is

nearly constant in both the lower and the middle

conical sections due to the constraint imposed by the

CS. At 10 pd (Figure 5-8), the hoop and meridional

strains continue to follow the same trend as in

Figure 5-7. The maximum meridional strain at this

pressure is approximately 2.1 ?ZOat the stiffener while

the maximum hoop strain is approximately 1.9% in the

lower cylindrical shell.

Figure 5-9 shows the membrane hoop and meridional

strain components at 5.1 P~ and 8 pd as a function of

distance for the SCV wall beginning at the bottom of

the upper conical section (x = O) and ending at the top

of the knuckle. At 5.1 pd the maximum hoop strain is
roughly 2% and occurs in the knuckle region, while the

minimum meridional strain is in the knuckle and shows

a compressive strain of approximately -0.7Y0. In the

upper conical section, hoop strains dominate the

meridional component with a local maximum occurring

in the middle of the upper conical section. The hoop

and meridional components of strain are nearly equal in

the spherical section which is consistent with the

theoretical elastic stress field in a pressurized sphere –

uniform tensile stresses in all directions (Gere and



Tlmoshenko, 1984). At 8 pd the maximum value of

hoop strain remains in the knuckle and has increased to

2.5% and the meridional component has decreased

slightly to -0.870 (compression) in the same location.
The maximum hoop strain in the upper conical section

has not increased significantly due to the restraint of the

CS in this location, although the magnitudes of the

hoop strain near the top and bottom of the upper conical

section have increased such that the dkribution is

nearly uniform throughout the upper conical section.

Plasticity has begun to govern the strain field in the

spherical section as shown by the significant increase in

hoop strain relative to the meridional component. The

meridional component increased only slightly

throughout the entire domain with the maximum value

of 0.590 occurring at the stiffener. Figure 5-10 shows

the hoop and meridional components at 10 pd. The

hoop strains have not increased significantly in the

upper conical section due to the presence of the CS. At

the stiffener location and above it in the spherical

section where contact has not yet occurred, the hoop

strains have increased significantly although the

maximum for the entire domain is about 370 in the

knuckle. The meridional strains have generally

increased except at the knuckle where they have

decreased to roughly -1% (compression).

To illustrate the compressive strains in the knuckle,

Figure 5-11 shows the hoop and meridional stress

history at the middle surface for an element in the

knuckle. The dominant tensile hoop stress causes a

compressive strain in the meridional direction. This is a

Poisson’s effect, which can be easily verified using

Hooke’s law for plane stress (Gere and Timoshenko,

1984).

Figure 5-12 shows the definitions of the different
sections in the top head. Figure 5-13 shows the

meridional and hoop componentwaf strain as a function

of distance from the bottom of the cylindrical portion of

the top head just above the knuckle up to the apex of the

dome for 5.1 pd and 8 pd. At both pressures, the largest

hoop strains occur in the lower cylindrical section

where it connects to the knuckle. The top flange limits

the hoop strains to nearly zero for both load steps but

creates a meridional strain concen~ation in the element

immediately below the top flange that is over 1.270 at

5.1 pd and over 2% at 8 pd. The rest of the meridional

strain field at 5.1 pd consists of relatively small strains

with uniform distribution. At 8 pd, significant

meridional strains occur in transition from the

cylindrical portion of the top head to the hemispherical

dome. Here the meridional component is in tension

due to membrane stretching from the uplift of the

dome. The hoop component is in compression as a

result of this section being pulled radially inward by the

dome. Figure 5-14 shows the meridional and hoop

components at 10 pd. Here the radial compression

effect is even more pronounced although the maximum

values for each component remain in the cylindrical

section between the knuckle and the top flange.

Figure 5-15 shows the equivalent plastic membrane

(middle surface) strain as a function of the meridional

distance along the SCV wall from the bottom of the

lower cylindrical shell to the top of the knuckle for

three different internal pressures. The figure shows that

significant plastic strains do not develop in the SCV
wall until after 4 pd. The plastic membrane strain in the

SCV wall grows considerably from 4 pd to 5.1 pd, the

pressure where contact first occurs. The maximum

membrane strain in the SCV wall is approximately

1.8%. The rate of increase in membrane strain with

increasing pressure has obviously been slowed by the

interaction with the CS. Figure 5-16 shows the plastic

membrane strain at two higher internal pressures. At

8 pd the maximum strain in the SCV wall is approxi-

mately 2.6% just below the knuckle. At 10 pd the

maximum plastic strain in the SCV wall is about 3.1 Yo

at the same location. Uniform distribution occurs in the

lower, middle, and upper conical sections at both

pressures due to the widespread contact in these areas.

Figure 5-17 shows the equivalent plastic suq%ce strains

as function of distance along the SCV wall. At 5.1 pd

the maximum plastic surface strain of 3.3~0 occurs on

the exterior surface just below the knuckle region. The
maximum plastic surface strain at 10 pd has shifted to

the location just below the 12.5 mm stiffener where the

top of the lower cylindrical section meets the bottom of

the lower conical section. The magnitude of this

interior surface strain is about 790. Large differences in
magnitude between the interior and exterior surface

strains indicate bending due to a discontinuity such as a

stiffener.

Figure 5-18 shows the equivalent plastic membrane

strain as a function of meridional distance starting with
x =() at the top of the knuckle up to the apex of the top

head for three internal pressures. At 4 pd there is a

small amount of plastic strain due to the thickness and

curvature discontinuity at the knuckle interface. At

5.1 pd, the strain has significantly increased to

approximately 1.5910because of the discontinuity at the

knuckle. At this pressure the maximum plastic strain in
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the transition from the cylindrical region of the top head

to the hemispherical dome is about 0.05%. At 6 pd, the

strain has increased slightly near the knuckle

discontinuity, and the strain in the transition region is

more than 0.2%. Figure 5-19 shows data for the same

locations for 8 pd and 10 pd. At 8 pd plaStiC strains

have developed in each region except for the top flange.

At 10 pd the strain is more than 3.3% just above the

knuckle, nearly 1?toin the cylindrical portion above the

top flange, approximately I .5% in the transition region

from the cylindrical portion to the hemispherical dome,

and over 4’ZOat the apex of the hemispherical dome.

In Figure 5-20 the plastic surface strains are plotted

along the meridional distance from the top of the

knuckle to the apex of the hemispherical dome. At

5.1 pd the maximum surface strain is on the interior

surface in the region adjacent to the top flange and has a
magnitude of nearly 590. At 10 p& the strain at the

same location has nearly doubled to more than 9%.

Plastic surface strain has also accumulated in the

cylindrical portion above the top flange, in the

transition region from the cylinder to the dome, and in

the dome itself. The character of the bending changes

from the cylindrical section, where the exterior surface

has the higher strains, to the transition region, where

the intenor surface strains are higher, to the

hemispherical dome, where the exterior surface strains

are higher again.

Figure 5-21 shows the equivalent plastic membrane

strain history for one element from each of the four

stiffeners. Locations of the stiffeners are shown in

Figure 2-3. The elements plotted are those with the

highest plastic strain at 10 pd. The element with the

highest plastic strain was also the element located on

the innermost ring of the stiffener, i.e., the element at

the smallest radius. The 19 mm stiffener in the upper

conical section is clearly the worst case, although the

maximum strain at 10 pd is just under 1.5Y0. This

stiffener yields at 4.9 pd, well before the other

stiffeners, and strain increases at a greater rate after

yielding. The other 19 mm stiffener has the second

highest plastic strain at 10 pd although it does not yield

until about 8.0 pd. The 9.5 mm stiffener yields at

6.3 pd, but its maximum plastic strain never exceeds

1%. The 12.5 mm stiffener yields the latest of all, at

about 8 pd, and reaches a maximum plastic strain of

only 0.6% at 10 pd.

Figure 5-22 shows the hoop and meridional compo-

nents of strain for the element from Figure 5-21 with

the highest maximum plastic strain (element #l 300 in

the 19 mm stiffener in the upper conical section). The
hoop component is in tension for the entire

pressurization due to the radial expansion of the ring.

The meridional component (in the horizontal direction)

is in compression due to a Poisson’s effect. Elements

from the other stiffeners show similar behavior.

In Figure 5-23, the equivalent plastic strain and the

hoop and axial components are plotted as a function of

internal pressure for an element in the top flange. As

with the stiffeners, this particular element was chosen

because it had the highest plastic strain at 10 pd relative
to the other elements in the top flange. This element

was located on the inside ring on the bottom of the top

flange. The hoop component is in tension because of

the radial expansion of the cylindrical portion of the top

head, and the axial component is in compression due to

Poisson’s effect. The hoop strains are linear up to about

4.0 pd and then increase more rapidly due to yielding in

the cylindrical section located just below the flange.

The rate of increase in hoop strain then decreases again

from 5.1 pd to about 8.5 pd due to the spread of contact

along the SCV wall. Finally, the hoop strain increases

more rapidly once again above 8.5 pd due to yielding of

the flange. Analogous changes in slope occur in the

compressional meridional strains. Plastic strains in this

element are small relative to other locations in the

model; the maximum value at 10 pd is less than ().370.

5.2.4 Strain History - CS

Figure 5-24 shows the equivalent plastic strains and the

hoop and axial components of strain for the element

with the highest plastic strain at 10 pd. This element is

located in the top row of elements on the inside surface

of the CS adjacent to the knuckle. This element did not

yield until nearly 7.7 pd and reached a maximum strain
of roughly 0.6%. The behavior of the axial and hoop

components was similar to the behavior observed in the

top flange. No other locations in the CS developed

plastic strains, even up to a pressure of 10 pd.

5.2.5 High Plastic Strain Locations

Figure 5-25 compares the equivalent plastic membrane

strain history for two elements: one from the spherical

section and the element at the apex of the top head.
These elements were chosen because of their high

plastic membrane strains relative to other elements and

also because they show little or no bending behavior.
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The element from the spherical section yields at

roughly 4.5 pd but does not begin to accumulate any

appreciable plaStiC strain until about 7 pd. After 8.6 pd,

when this particular element comes in contact with the

CS, it accumulates very little additional plastic strain,

for a total of approximately 2.5% at 10 pd. The element

at the apex of the top head yields late relative to the first

element, after 7 p,.j,but accumulates plaStiC strain much

more quickly, reaching a value of 4.7% at 10 Pd, which

is the maximum plastic membrane strain mab~itude for

the entire structure.

Figure 5.26 shows the equivalent plastic su~ace strain

history for three elements: the element at the transition

from the lower cylindrical shell to the lower conical

section, the element immediately below the top flange,

and the element immediately above the knuckle. Note

that the first two elements are evaluated at the interior

surface of the SCV wall and the last one is evaluated at

the exterior surface. These elements were chosen

because they have high magnitudes of surface strain as

well as large differences between the interior and

exterior surface values, indicating bending-dominated

behavior. The intenor of the element from the lower

conical section adjacent to the lower cylindrical shell

yields at roughly 3.5 pd, but because it is composed of

the higher yield material and is relatively close to the

overly stiff bottom head, it never contacts the CS and

thus continues to accumulate plastic strain. This

element seems to be pivoting radially outward from the

point where the curvature changes from cylindrical to

conical, because the cylindrical section is stiffer.

The interior surface of the element immediately below

the top flange reaches a maximum surface strain of over

9%, which is the maximum plastic surface strain for the

entire structure. This element never contacts the CS,

although the effect of global contact on t.h element at

5 pd is evident. This element attaches to the extremely

stiff top flange, and as the cylindrical section between

the knuckle and the top flange expands radially outward

this element bends outward, accumulating a large

amount of plastic strain on the inside surface.

However, the element immediately above the knuckle

does not show similar behavior. In this elemen~ the

exterior surface shows the higher strain. Because the

knuckle displaces radially outward much more than the
top flange, the element adjacent to the knuckle is pulled

outward such that its outside surface is in tension. This

element reaches a maximum value of roughly 8.570,

which is the maximum exterior surface strain reached

in the structure.

5.3 Results -34 mm Case

Contact first occurs for the 34 mm case at 5.5 pd

(compared with 5.1 pd for the 18 mm case) in the upper

conical section. The strains in the middle conical

section, knuckle, and lower conical section continue to

increase rapidly until contact occurs in these areas at

5.7 pd, 6.1 pd, and 7.4 pd, respectively. Unlike the
18 mm case, the plastic membrane strain in the

spherical section is highest at higher pressures,

reaching a maximum of approximately 5.5% at 10 pd.

For the surface plastic strains, the behavior is similar to

the 18 mm case. The cylindrical section just below the

top flange has the highest value, a maximum of

approximately 129Z0at 10 p& because the outward

expansion of the cylindrical section is restrained by the

stiffer top flange.

Figure 5-27 shows the gap closure history as a function

of the meridional distance along the SCV wall starting
with x = Oat the bottom of the lower cylindrical shell

and ending at the top of the knuckle (same as

Figure 5-5 and Figure 5-6 for the 18 mm gap) at 5.5 pd,

8 pd, and 10 pd. The first location of contact is in the

upper conical section at 5.5 p& followed by the middle

conical section at 5.7 pd, followed by the knuckle at

6.1 pd. By 8 pd, contact is widespread in the lower,
middle, and upper conical sections (similar to

Figure 5-15 and Figure 5-16 for the 18 mm gap). By

10 pd, the area of contact has continued to spread in

these areas, and contact has also initiated in the

spherical section.

Figure 5-28 shows the equivalent plastic membrane

strain as a function of distance along the SCV wall for

three internal pressures (5.5, 8, and 10 pal). The upper

conical section has the highest magnitude of membrane

strain at first contact, approximately 3.4%, but by 8 pd

the knuckle has the highest magnitude of strain,

approximately 4.8Y0. At 10 pd the strain in the knuckle

has increased to over 5.5%, the strain in the upper

conical section has a maximum value of 4.4%, and the

maximum strain in the middle conical section is

slightly over 3.6Y0. The distributions of plastic strains

at all pressures above 5.5 pd are qualitatively similar to
the 18 mm gap analysis, but at a magnitude

approximately twice as large. However, none of the

strains is large enough to indicate global failure before

10p&
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Figure 5-29 compares the equivalent plastic membrane

strain history for two elements: one from the spherical

section and the element at the apex of the top head

(same as Figure 5-25 for the 18 mm case). These

elements were chosen because of their high plastic

membrane strains relative to other elements and also

because they show little or no bending behavior. The

element from the spherical section yields after 4.5 pd

and quickly accumulates plastic strain up to 9.1 pd,

where it contacts the CS and the growth of plastic strain

is greatly reduced. The behavior of the element at the

apex of the top head is nearly identical to the same

element in the 18 mm case. After yielding at roughly

7 pd, the element rapidly accumulates 4.5~o plastic

strain by 10 pd.

Figure 5-30 shows the plastic su~ace strain for three

elements: the element at the transition from the lower

cylindrical shell to the lower conical section, the

element immediately below the top flange, and the

element immediately above the knuckle. These are the

same three elements that were discussed for the 18 mm

case in Figure 5-26, and they show similar behavior.

The first location, the interior of the element from the

lower conical section adjacent to the lower cylindrical

shell, reaches a maximum strain of just under 9’%0at

10 pd, compared to 7.590 for the 18 mm case. The next

location, the interior surface of the element

immediately below the top flange, reaches a maximum

surface strain of over 12%, compared to over 9% for the

18 mm case. This is also the location of maximum

plastic surface strain for the entire structure. The

drastic slope change at 6 pd is caused by global contact

between the SCV and the CS, although the element

itself never contacts the CS. The larger 34 mm gap

allows this element to reach over 11 ‘%0 plastic surface

strain at contact compared to less than 5$Z0for the

18 mm case. The behavior at the last location is similar

to the same element in the 18 mm case. The exterior

surface of this element reaches a maximum of just over

9% strain compared to almost 8.5% for the 18 mm case.

5.4 Summary

The axisymmetric analysis with a uniform 34 mm gap

indicated that contact would occur at 5.5 pd, compared

to 5.1 pd indicated by the 18 mm gap analysis. Above

5.5 pd, the maximum strains in the part of the SCV wall

shielded by the CS for the 34 mm gap were roughly

twice those for the 18 mm gap, a direct consequence of

the fact that the gap is approximated twice the size.

However, in neither case did the level of strains indicate

global axisymmetric failure of the vessel even at 10 p&

Strains in the top head are nearly the same for both

cases. It must be noted that nothing can be inferred

from these analyses about non-axisymmetric strain

levels, i.e., the local strain concentrations near the

equipment hatch, which may be strongly affected by

the local gap dimension.
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Both nodes have axisymmetric boundary conditions.
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Figure 5-1.
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Figure 5-13. Meridional and hoop strain components (middle surface) from the top of the knuckle to the apex of
the hemispherical dome at 5.1 and 8 pd.
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Figure 5-14. Meridional and hoop strain components (middle surface) from the top of the knuckle to the apex of
the hemispherical dome at 10 Pd. Locations are shown in Figure 5-12.
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5.1, and 6 Pd. Locations (L. Cyl. S., etc.) are shown in Figure 5-1.
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Figure 5-18. Plastic membrane strain as a function of meridional distance from the top of the knuckle to the apex
of the top head at 4, 5.1, and 6 pd. Locations are shown in Figure 5-12.
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Figure 5-21. Plastic membrane strain history for the element with the highest equivalent plastic strain magnitude
in each of the four SCV wall stiffeners.
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Figure 5-24. Axial, hoop, and equivalent plastic strain for the element with the highest equivalent plastic strain in
the contact structure.
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Figure 5-25. Equivalent plastic membrane strains for two representative elements. The element at the apex of the
top head has the highest plastic membrane strain for the entire structure.
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Figure 5-27. Gap closure distance along the SCV wall from the lower cylindrical section to the top of the knuckle
at 5.5, 8, and 10 pd. Locations (L. Cyl. S., etc.) are shown in Figure 5-1.
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Figure 5-29. Equivalent plastic membrane strains for two representative elements.
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Figure 5-30. Equivalent plastic surface strains for three representative elements. The interior surface of the
element immediately below the top flange has the highest plastic surface strain for the entire
structure.
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6. Global Three-Dimensional Shell (G3DS) Analysis

A global three-dimensional shell analysis was the only

way to assess the steel containment vessel (SCV)

behavior including the equipment hatch explicitly in the

model. In addition to providing insight into global

model behavior, this model also provided the boundary

conditions for the local three-dimensional models

described in Section 7.

6.1 Finite Element Model
Description

The finite element model of the SCV and contact

structure (CS) for the G3DS model appears in

Figure 6-1. The half-symmetry model used

approximately 4800 four-node reduced integration shell

elements with finite membrane strain capability

(ABAQUS S4R elements). The only non-axisymmetric

detail of the SCV/CS assembly and this finite element

model is the equipment hatch. Symmetric boundary

conditions were imposed on all nodes lying in the

vertical (x-y) plane passing through the centerline of the

equipment hatch, and vertical displacements were

constrained at the support locations on the underside of

the ring support girder. The loading consisted of

gravity and internal pressure, and the analysis ran until

it failed to converge at approximately 12.7 MPa internal

pressure or slightly over 16.3 pd. The nominal gap

between the SCV and the CS was 18 mm. For this

model, the available small sliding formulation was

deemed appropriate because the relative sliding of the

SCV and CS was assumed to be small. The friction

coet%cient, discussed previously in Section 4.2.1, was

v=O.2. Computations for this model were performed

with ABAQUS/Standard, Version 5.4 (1994).

The thickened equipment hatch insert plate was

constructed such that it is flush with the inside surface

of the SCV. The resulting thickness eccentricity poses

a problem when using shell elements in ABAQUS

because there is no way to explicitly model a shell with
uneven material distribution about a reference line. A

simple elastic test case showed that using the *SHELL

SECTION, COMPOSITE option in ABAQUS is an

accurate way of implicitly modeling the eccentricity at

the equipment hatch insert plate*6. The equipment

16 c~er p,A, “Eccenrncity Test Case,” .Sandlamemorandum03,.
V.K.Luk and ME Hessheimer, July 17, 1995.

hatch insert plate was modeled as a composite shell

with three layers. As shown in Figure 6-2, the

eccentricity was introduced by making the middle layer

the same thickness (tW) as the adjacent material and

then placing two layers with the same thickness on

either side, such that the total thickness of the middle

and outer layers is equal to the insert plate thickness

($). The middle and outside layers were given the

modulus of elasticity for the equipment hatch insert

plate (measured from the Hitachi tensile tests in

Appendix B), EP1ate- 216 X 109 Pa, while the inner

composite layer was given a dummy modulus of

‘dummy -1 Pa. This formulation makes the stiffness of

the inner layer of the composite shell negligible with

respect to the other two layers.

Because of the eccentricity at the insert plate, the gap

between the insert plate in the SCV model and the as-

designed CS is reduced considerably from 18 mm to

approximately 9 mm. However, because the contact

algorithm uses the centerline of both the composite

shells in the SCV insert plate and the regular shells in

the CS as the reference, the eccentricity formulation

described above does not represent the smaller gap.

The gap between the insert plate and the CS in the finite

element model remains 18 mm rather than 9 mm.

As with the axisymmernc model described in

Section 5.1, there were two important changes made

late in the design of the CS that were not incorporated
in this model. The CS material and its geometry near

the knuckle of the SCV in the global three-dimensional

shell model were the same as in the axisymmetric

model (see F@re 5-2 for knuckle details). It is

unlikely that the difference in materials would

significantly affect the results. However, the geometry

near the knuckle is especially important and is modeled

more accurately and completely in a local

axisymmetric continuum model of the top head

described in Section 7.1.

6.2 Results

Table 6-1 summarizes the yielding and contact events

for the global three-dimensional shell analysis. Results

for deformed shape, contact history, and high strain or

critical areas are discussed in the following sections.
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Table 6-1. Summary of Yielding/Contact Events for Global 3-D Shell (G3DS) Model

Internal
Pressure Event

0- 2.3 MPa Elastic behavior

2.3 MPa Local yielding in top/bottom of E/H sleeve at attachment to insert plate

]/ 2.3 Ml% I Local yieklingat middle conical section attachment to E/Hinsert plate

II 2.7 MPa Yielding in knuckle
1

II 2.8 MPa Local yielding at bottom of E/H insert plate

II 3.OMPa I Local yielding in upper conical section above E/H

3.1 MPa Yielding in middle conical section around circumference

3.4 MPa Yielding in upper conical section around circumference

II 3.7 MPa I Yielding in~ower conical section near insert p~ate

3.9 MPa Yielding in lower conical section around circumference

4.1 MPa Contact initiates in the SCV in the upper conical section and knuckle

4.1 MPa Circumferential contact in upper conical section

4.3 MPa Circumferential contact in middle conical section

II 4.7MPa I Yielding inlower cylindrical shell around circumference

5.1 MPa Yielding in dome of top head

5.3 MPa Circumferential contact in lower conical section

II 5.5 MPa I Yielding in spherical section (away from knucide)

II 6.6 MPa I Contact initiates in spherical section II
IL 11.3 MPa Circumferential contact in lower cylindrical shell

6.2.1 Displacements

F@ure6-3 shows the deformed shape of the SCV at six

different pressure levels. All displacements have been

magnified by a factor of five. For clarity, the CS, ring

support girders, and gusset plates are not shown. At

3 MPa, when only localized yielding has occurred, very

little deformation is discernible. At 4.1 MPa, when

contact first occurs, there is noticeable deformation in

the upper and middle conical sections. The effect of the

stiffeners is evident in the upper conical section as it

tries to expand outward but is restrained by two 19 mm

stiffeners. The knuckle shows deformation in both the

outward (radial) and vertical directions, while the top
head and top head flange deform nearly exclusively in

the verticaldirection. The equipment hatch also

appears to be rotating outward and downward at this
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pressure. By 6 MPa, most of the upper and middle

conical sections are contacting the CS. The outward

expansion of the lower cylindrical shell is now

apparent. At 8 MPa it is clear that the CS is arresting

further radial expansion of most of the SCV. The apex

and the cylindrical portion of the top head, which are

not shielded by the CS, are showing excessive amounts

of deformation. At 10 MPa, which is nearly 13

multiples of the design pressure, the only locations
where further deformations are clear are the top head

and the lower cylindrical shell.

Vertical displacement at the apex of the top head and

horizontal displacement at the center of the equipment

hatch cover are shown in Figure 6-4. Displacements at

both locations are linear until approximately 3.0 MPa.

From 3.0 MPa to approximately 4.0 MPa, the vertical



displacement of the apex increases more rapidly due to

yielding in the SCV wall. When contact initiates in the

knuckle region and upper conical section, the

meridional strains are constrained so the rate of vertical

displacement at the apex decreases significantly. At

5.1 MPa, yielding begins in the top head so the vertical

displacement at the apex increases rapidly. Similarly,

the horizontal displacement at the equipment hatch

increases rapidly from approximately 3.1 to 5.5 MPa

due to yielding in the lower and middle conical

sections. Above 5.5 MPa, local contact occurs at the

equipment hatch centerline thus restraining further

radial growth.

6.2.2 Contact History

Figure 6-5 shows the progression of contact. Only the

part of the SCV that is shielded by the CS is displayed.

Dark areas indicate contact while light areas indicate no

contact. The first plot shows contact initiating in the

upper conical section and the knuckle. The area of

contact has increased considerably at 5 MPa to include

the middle conical section, and by 6 MPa contact

includes the lower conical section. By 8 MPa, the

spherical section has made uniform circumferential

contact except near the upper 19 mm stiffener, which is

still arresting the radial growth of the SCV. At 10 MPa,

the only area of the SCV that has not contacted the CS

is the lower cylindrical shell where the initial gap is

well over 100 mm.

6.2.3 Strains

Figure 6-6 and Figure 6-7 show locations at which
various components of free-field strains are discussed.

These strains are plotted in Figure 6-8, Figure 6-9, and

Figure 6-10. In all locations, the hoop strain increases

rapidly when yielding occurs, and then becomes nearly
constant when contact occurs. The highest level of

hoop strain occurs in the upper conical section because

the gap dimension is the same but the radius of the

containment vessel is smaller than in the lower

sections. Some bending is evident in Figure 6-9 as

shown by the difference in interior and exterior strains

near the material interface and in Figure 6-10 at the

midheight of the upper conical shell.

Figure (5-11 showstransitionareas atwhich s~alns we

plotted in Figure 6-12 through Figure 6-14. Of

particular interest in these areas near stiffeners are the

meridional strains at the interior and exterior surfaces.

Differences in the strains at the two surfaces indicates

the amount of bending strain. Near the lower stiffeners

(Figure 6-12), bending becomes quite pronounced

above 5.1 MPa, after yielding in the lower cylindrical

shell. However, the gap in this area is quite large, so

contact does not occur until 11.3 MPa. Above this

pressure, the bending strain is slightly reduced. At the

material change interface (Figure 6-13), the bending

strains are not as pronounced although bending is

evident between 4.0 and 8 MPa. Above the latter

pressure, local contact occurs with the CS so the

bending strain is severely restricted. Similar bending

behavior occurs at the middle stiffener as shown in

Figure 6-14.

6.2.4 Critical Plastic Strain Areas

Contour plots of equivalent plastic strain indicated

three locations with high strains that dictated further

study. Figure 6-15 compares the three locations which

consistently displayed the highest plastic strains

throughout the history: (1) the junction of the

equipment hatch insert plate and the material change

interface; (2) the apex of the top head; and (3) the

knuckle region. The element at the knuckle and at the

material change interface near the insert plate yields at

roughly the same time, but the element at the knuckle

contacts first, thus the plastic strain for this element

levels out earlier in the loading. Because both elements

are eventually shielded by the CS, neither accumulates

nearly as much plastic strain as the apex of the top

head. The apex yields at 5.1 MPa, compared to

2.5 MPa for the other two locations, but the amount of

plastic strain quickly surpasses that accumulated at the

other two locations, reaching a value of nearly 40’%

before the amdysis fails to converge at just over

12.7 MPa. To assess the importance of these critical

areas, refined models for both the top head, including

the knuckle, and the area near the equipment hatch

insert plate were created and are discussed in Section 7.
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Figure 6-1. Global 3-D Shell (G3DS) model mesh. Note: contact structure appears behind SCV.
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Figure 6-2. Cross section of thickened equipment hatch insert plate and attached conical section showing
as-designed geometry (top) and as-modeled geometry (bottom) using shell elements.

NUREGICR-6516 6-4



Top P=4.1 MPa
P=3MPa

‘tiffewiF’”geB

\/

I I\\

P=6MPa

/

1
)

\ I

P=5MPa

1

w ‘w
P=8MPa

(

P = 10 MPa

L
/
i

/

\

J

Flzure 6-3. Deformed shape of G3DS at six pressure levels. Contact structure, ring support girders, and gusset
Displacements are magnified by five.plates are not shown.

6-5



1 (apex) ~

A

\\ \ \

2 (centerline of
EH cover)

‘80”0~
160.0

1’

~ Vertical Displacement at Apex (1)
C< Horizontal Displacement at EH (2)

140.0

L

120.0
-F
g

~- 100.0

E
@
: 80.0 -
~
.-
n

60.0 -

40.0

20.0

_ .,/-:-–---–:

0.0 2.0 4.0 6.0 8.0 10.0 12.0
Internal pressure, (MPa)
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Figure 6-7. Free-field strain locations.
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F@re 6-8. Meridional and hoop strain history at interior surface in lower conical shell (Point 1 in Figure 6-7).
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Figure 6-9. Meridional and hoop strain history at exterior and interior surfaces in lower conical shell
(Point 2 in Figure 6-7).
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Figure 6-13. Meridional strain history at exterior and interior surfaces just above material change interface
(Point 6 in Figure 6-11).

6-11 NUREG/CR-6516



0.008

0.006

0.004

c.-
jg 0.002
(l)

0.000

-0.002

-0.004
c

1
I
i

2.0 4.0 6.0 8.0 10.0 12.0
Internal Pressure, (MPa)
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7. Detailed

Local analyses of the top head and the area around the

equipment hatch were performed in order to

incorporate more refined meshes in areas of high strain.

In each case, boundary conditions on the edge of the

refined local mesh were obtained from the global three-

dimensional shell (G3DS) analysis described in
Section 6.

The local submodel of the top head is an axisymmetric

model with a fine mesh of continuum elements in the

shell wall in order to more accurately model the thick

knuckle and flange regions. It also incorporates the

final design geometry of the contact structure (CS) in

this area.

Two local submodels of the equipment hatch area were

developed, both with three-dimensional shell elements.

The first model is based on exactly the same geometry

as that in global three-dimensional shell model. The

only difference is that the mesh near the thickened
reinforcement plate around the equipment hatch is

significantly refined. The second submodel uses the

same refined mesh but also incorporates an

approximation of wall thinning discovered during on-

site inspection of the steel containment vessel (SCV)

model. Neither of these submodels utilized as-built

information on gap size.

All material properties in these models were obtained

from the uniaxial test data as described in Section 4.3.

7.1 Top Head Including Knuckle
Region (LTHAXC)

One critical area requiring further study as indicated by

the global models was the top head region including the

knuckle. For this area, a local axisymmetric continuum

model was created that included the most recent as-

designed geometry of both the SCV and the CS from

the top head apex down to the upper 19 mm stiffener.

7.1.1 Finite Element Model Description

Figure ‘7-1 shows the Local Top Head Axisymmetric

Continuum Model. The model used 7200 four-node

reduced integration, axisymmetric continuum elements
(ABAQUS CAX4R elements) and five two-node thin or

thick linear shell elements (ABAQUS SAX 1 elements).

Local Analyses

Axisymmetric boundary conditions were imposed at

the apex of the top head. At the lower bound of the

model, rotations and displacements from the G3DS

model were applied to the shell nodes in a manner

similar to the *SUBMODEL option in ABAQUS.

However, ABAQUS does not allow the submodel

option to be used when changing from a three-

dimensional model to a two-dimensional axisymmetric

model, so the process was conducted manually. The

displacement and rotation histones from the

appropriate nodes on the global shell model were

applied with the *USER SUBROUTINE option, which
provides the user with away to prescribe the magnitude

of any degree of freedom using FORTRAN code.
Multi-point constraints were used to transition from the

shell elements to the continuum elements. As with the

other models, the loadlng consisted of internal pressure

and gravity. The contact definition for this model was

basically the same as the previous models (the

coefficient of friction was p = 0.2) except that the small

sliding formulation was not specified. For this case,

ABAQUS defaults to a finite sliding formulation, which

allows arbitrary separation, sliding, and rotation of the

surfaces.

As mentioned in Section 5.1 and shown in Figure 5-1,

the design of the CS was changed after the global

axisymmetric and three-dimensional shell models were

completed. However, the local continuum model of the

top head described in this section includes those design

modifications. Because continuum elements were used

throughout the model, the geometry was more

accurately modeled, especially near the top head flange

and the knuckle.

7.1.2 Displacements

Figure 7-2 shows the deformation of the top head

submodel. The first three plots are the deformed shape

of the entire model at three different internal pressures,
while the last six are close-ups of the knuckle/top head

flange region with some additional pressure steps

included. The displacements are not magnified. First

contact occurs at 3.2 MPa at the knuckle as it expands

radially outward to meet the comer of the CS. At

6 MPa bending of the cylindrical section of the top

head from the bottom of the top head flange is apparent,

and at 8 MPa bending around the top of the top head
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flange is beginning. The vertical growth o~fie dome is

also significant at 8 MPa. Note that the top head flange

shows almost no radial expansion at 8 MPa. The overly

stiff behavior of the top head flange and the rapid radial

expansion of the knuckle create bending locations with

significant plastic strains (Section 7.3.4). Figure 7-3

shows displacement and strain locations in top head.

Vertical displacement of the apex of the dome is plotted

in Figure 7-4. This displacement is nearly identical to

the same displacement that was obtained from the

G3DS model (Figure 6-4). Because the top head

submodel has a very fine mesh and therefore simulates

more flexibility than the global model, the internal

pressure reaches a maximum value of only 12.1 MPa

rather than the 12.7 MPa indicated in the global

analysis, and the maximum displacement is higher at

this pressure.

7.1.3 Strains

Results for strain components in the top head are

plotted in Figure 7-5 to Figure 7-7 for the locations

shown in the diagram in Figure 7-3. As noted

previously, the difference in strains at the interior and

exterior surfaces indicates the amount of bending

strain. Thus significant bending strain is present just

below the top head flange for pressures greater than

3.0 MPa as shown in Figure 7-5. Some bending strain

is also evident just below the knuckle (Figure 7-6). In

the spherical section, the hoop and meridional

components are nearly equal until significant yielding

occurs at 5.4 MPa. Above 7.0 MPa, these strain

components are significantly higher than those

computed in the global three-dimensional shell analysis

for any of the other free-field areas.

7.1.4 Critical Plastic Strain Areas

Figure 7-8 plots the strains from the critical locations

from the top head submodel as a function of internal

pressure. The five locations can be broken down into

three areas: the apex of the top head, the top head

flange, and the knuckle. After 8 MPa, all five locations

show similar strain histories except for the element

below the knuckle. The primary differences in the

strain histories appear early in the loading.

The exterior surface of the apex of the top head yields

late in the history at about 5 MPa compared to the other

elements. Since this location is not protected by the

CS, the growth of plastic strain is rapid up to a

maximum of over 3L$70 at an internal pressure of
12 MPa.

The overly stiff behavior of the top head flange can

probably be attributed to the mixed scaling of the SCV

(1:4 ratio thickness; 1:10 ratio on overall size). This

causes large bending strains in the elements just below

and above the top flange on the interior surface. The

element just above the top flange behaves similarly to

the apex of the top head except that it yields sooner.

The element just below the top flange accumulates

more plastic strain early in the loading but otherwise

behaves similarly to the first two elements.

The element at the interface between the top of the

knuckle and the cylindrical section of the top head on

the exterior surface accumulates still more plastic strain

early in the loading but then appears to be temporarily

affected by the CS at just over 3 MPa. The last location

under consideration is the element at the interface

between the bottom of the knuckle and the spherical

section on the exterior surface. It accumulates more

plastic strain than all the other elements until it contacts

the CS at just over 3 MPa. The effect of the CS on this

element is much more apparent as this element reaches

a maximum strain of only 1290 compared to nearly

34% for the apex and 24% for the other elements.

7.2 Equipment Hatch Area As
Designed (LEHS)

The second critical area indicated by the G3DS

analysis was the area near the thickened reinforcement

plate around the equipment hatch. This area also

includes the material change interface. This section

describes a local submodel based on final design

information.

7.2.1 Finite Element Model Description

The model (Figure 7-9) used 4800 four-node reduced

integration shell elements with finite membrane smain
capability (ABAQUS S4R elements). The boundary

conditions were imposed using the *SUBMODEL

option. Submodeling in ABAQUS is used to study a

local part of a model with a refined mesh based on

interpolation of the solution from an initial, G3DS onto

the nodes on the appropriate parts of the boundary of

the submodel. Figure 7-10 compares the global model

mesh and the local submodel mesh. For this particular
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analysis all nodes on the boundary of the submodel

were “driven” by the results from the G3DS model.

The loading consisted of gravity and internal pressure.

The coefficient of friction used for this model was the

same as in previous models, p=O.2. The eccentricity of

the equipment hatch insert plate was also modeled as

described in Section 6.1. Because this model uses

results from the global model, the model was allowed

to run up only to 12.7 MPa, the point where the global

model failed to converge. Computations for this model

were performed with ABAQUS, Version 5.4 (1994).

7.2.2 Contact History ●

Figure 7-11 shows the evolution of contact for the

equipment hatch submodel. As before, black areas

indicate contact, white areas indicate no contact. The

elements on the border of the model are gray because

they are “driven” nodes and so are not included in the

contact algorithm. Contact first occurs at 4.2 MPa in

the middle conical section. Contact propagates toward

the insert plate at 5 MPa and by 6 MPa has contacted a

large part of the insert plate and has spread to the lower

conical section (below the material interface). At

8 MPa the contact is widespread throughout the model.

7.2.3 CriticaI Plastic Strain Area

This model was developed to study the junction of the

equipment hatch insert plate and the material interface

after the global model indicated potentially high strains

in this area. Figure 7-12 compares the equivalent

plastic membrane strains from the two models at the

same location: the element in the 8.5 mm wall (middle

conical section) that is adjacent to the equipment hatch

insert plate and to the 9.0 mm wall (lower conical

section). These elements are indicated in the figure. In
tie global mode] this element is approximately 60 mm

by 30 mm in size; in the local submodel the element in

the corresponding location is 11 mm by 11 mm.

Qualitatively the behavior of the two elements is

similar. Quantitatively, the element in the local

submodel reaches strains nearly 5070 higher than the

global model: 990 in the submodel compared to

approximately 6.5% in the global model. The

difference is best explained by the submodel’s ability to

measure more accurately the strain concentration

because of its finer mesh.

7.3 Equipment Hatch As Built
(LEHSTh)

The last analysis performed was used to study the ‘

effects of thinned areas near the junction of the

equipment hatch insert plate and material change

interface. This model is the same as the previously

described local equipment hatch submodel, except that

an approximation of wall thinning has been included.

7.3.1 Finite Element Model Description

F@re 7-13 shows the basic finite element model used

to study the effects of thinning. The model is the same

as the previous equipment hatch submodel except that

the measured thicknesses near the junction of the

equipment hatch insertplate and the material interface

were input explicitly using the *NODAL THICKNESS

option in ABAQUS, Version 5.5 (1995). This model

was intended only to study the thinned area near the

equipment hatch insert plate and so does not include

any other as-built information.

The as-built measurements given in Appendix C

indicate that the nominal thicknesses of the as-built

SCV are 590 to 10~0 thicker than the designed

configuration of the SCV, while two locations on either

side of the equipment hatch insert plate are up to 2290

thinner than the designed configuration on which all the

finite element models are based. Changing the nominal

thickness in the finite element submodel was not an

option because the submodel used boundary conditions

from the global model, which was based on the

original, as-designed thicknesses. Accommodating the

thinning in the finite element model, the measured

thickness from the thinned areas from the SCV was

converted to a percentage of the nominal measured

thickness. Then these percentages were used to

calculate the input thicknesses for the thinned locations

in the finite element model.

7.3.2 Contact History

The contact behavior for this model is nearly the same

as for the previously discussed equipment hatch

submodel without wall thinning (Figure 7-11).

7.3.3 Strains

Thefour points nearthe equipment hatch reinforcement

plate are depicted in Figure 7-14. Strains are plotted in
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Figure 7-15 through Figure 7-17. All these points

occur in the SGV480 material. As Figure 7-15

indicates, the maximum principal strain at 67.5 degrees

is significantly higher than that at 45 degrees for

internal pressures above 3 MPa. The strain at 45
degrees reaches its maximum value at mound 4.() Mpa

when contact occurs in this region. However, the strain

at 67,5 degrees continues to grow above this pressure,

eventually reaching nearly 7’%0.As Figure 7-16

illustrates, the meridional strains near the top of the

reinforcement plate show substantial bending behavior.

Both the exterior and the interior strain increase rapidly

at around 3.8 MPa, but then increase more slowly after

4 MPa because contact has occurred. However, on both

surfaces the meridional strain again increases rapidly,

reaching a maximum of 3.5% at 12.7 MPa. The hoop

strains just to the right of the reinforcement plate

(plotted in Figure 7- 17) also show some bending

behavior after yielding has initiated (3.8 MPa).

Finally, strain components are plotted in Figure 7-18 at

two more points near the reinforcement plate where

pretest inspection revealed thinned wall material. Both

points are located in the SPV490 material below the

material change interface indicated by the weld line. At

these two points, both the meridional and the hoop

strains are significantly higher than the points discussed

above in the SGV480 material, particularly at Point 17

which is closer to the thickness transition at the edge of

the reinforcement plate.

7.3.4 Critical Plastic Strain Areas

Figure 7-19 compares the critical strain area from this

submodel with wall thinning to the global shell and the

submodel without wall thinning. This is the same
figure ~ Figure 7-12 with the data from the LEHS~

model added. Qualitatively each curve represents the

same behavio~ the element yields at between 3 and

4 MPa and accumulates plastic strain very quickly until

it reaches the CS between 5 and 6 MPa. The primary

difference between each curve is the amount of plastic

strain accumulated prior to contact. The effect of the

thinned section is apparent, as the slightly thicker and
higher yield SPV490 material now shows the greatest

accumulation of plastic strain.
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Shell Elements (boundary conditions
from global shell model)

.__!

Figure 7-1. Local Top Head Axisymmetric Continuum Model with close-up of knuckle and top head flange.
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9 (just below top flange) _

7
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spherical shell)

Figure 7-3. Displacement and strain locations in top head.
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Figure 7-4. Vertical displacement at apex of top head from local top head model (Point 8 in Figure 7-3).
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Figure 7-5. Meridional strains at exterior and interior surfaces just below top head flange (Point 9
in Figure 7-3).
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Figure 7-6. Meridional strain at exterior and interior surfaces just below knuckle (Point 10 in Figure 7-3)
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Figure 7-7. Meridional and hoop strains at interior surface at midheight of the spherical shell (Point 11 in
Figure 7-3).
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Figure 7-9. LEHS (Section 7.2) model mesh (contact structure not shown).

figure 7-10. Comparison of G3DS mesh at left and equipment hatch submodel at right. The increase in mesh
density in the submodel is roughly a factor of 10.
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Figure 7-13. Diagram showing the equipment hatch submodel at lower right (contact structure not shown) with a
detail of the thinned area at upper left. Values for thickness reduction, shown as percentages, are
superimposed on the appropriate nodes.
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Figure 7-14. Strain locations in area around equipment hatch insert plate.
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Figure 7-15. Maximum principal strain near the equipment hatch reinforcement plate (Points 12 and 13 shown
in Figure 7-14).
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Figure 7-16. Meridional strain at the exterior and interior surfaces at the top of the equipment hatch insert plate
(Point 14 in Figure 7-14).

0.040

0.035

0.030 ~

0.025
c.-
g
: 0.020
0

2

0.015

0.010

I

0.005 I

0.000
0.0 2.0 4.0 6.0 8.0 10.0 12.0

Internal Pressure, (MPa)

Figure 7-17. Hoop strain at the interior and exterior surfaces at the side of the equipment hatch insert plate (Point
15 in Figure 7-14).
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Figure 7-18. Meridional and hoop strain at two points on the interior surface in the thinned area near the
equipment hatch reinforcement plate (Points 16 and 17 in diagram above).
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Figure 7-19. Comparison of high-strain locations from the G3DS model, the LEHS model (Section 7.2), and the
LEHSl% model (Section 7.3). Locations from the LEHSTh model are shown at the top. See
Figure 7-12 for locations from other models.
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8. Assessment of Potential Failure Modes

In this section we assess several possible failure modes

of the steel containment vessel (SCV) model based on

results c)f the finite element analyses. Failure of the

SCV model is defined as inability to maintain pressure,

due either to a catastrophic failure of the vessel or to a

local tear that causes leakage. Because the SCV model

has no bolted flanges or penetration covers, seal

leakage is not considered. Furthermore, the SCV

model has no known cracks of critical length that would

lead to premature brittle fracture, so the discussion in

this report is limited to ductile failure modes. The

modes of failure that have been considered are buckling

of the torispherical top head, global ductile rupture of

the vessel (also referred to as plastic collapse), and

local ductile tearing in areas of localized high strains.

8.1 Top Head Buckling

Considerable research has indicated from both

experimental and analytical methods that some

torispherical heads may be subject to non-axisymmetic

buckling failures. Kalnins and Updike (1991) detail

several publications on the subject. Torispherical heads

with ratios of head thickness (t) to crown radius (L) less

than 0.002 may be susceptible to buckling. Torispher-

ical heacls with t/L greater than 0.002 but less than 0.04

are much more likely to fail by axisymmetric plastic

collapse (i.e., global ductile rupture) (Kalnins and

Updike, 1991). For the SCV model,

t=6mm

L = 873 mm

t/L := 0.0068>0.002

Therefore, since t/L is significantly greater than 0.002,

buckling of the torispherical top head was not

considered a likely mode of failure.

8.2 Global Ductile Rupture

Global ductile rupture of a pressure vessel is an

axisymmetric mode of failure that occurs when the

free-field membrane von Mises stress reaches a critical

value. The wall becomes thinner due to Poisson’s ratio,

but no alternate load path exists. Therefore, when the

material cannot sufficiently harden to accommodate the

additional stresses caused by the area reduction, it

cannot carry the load. Rapid radial growth occurs and

is followed by global ductile rupture. This

phenomenon is analogous to necking in uniaxial test
specimens.

As described in Section 2.1 and shown in F[gure 2-3,

most of the SCV model is enclosed within the contact

structure (CS). The CS is a thick steel shell that

severely restrains radial growth of the SCV model.

Therefore, in areas where the SCV model contacts the
CS, global ductile rupture was not a likely mode of

failure. However, because the top head above the

knuckle is not enclosed within the CS, global ductile

rupture must be considered in this region. Because

global rupture is an axisymmetric failure mode, results

from the axisymmetric continuum analysis of the top

head region described in Section 7.1 are used here.

Figure 8-1 shows a schematic of the top head. Global

ductile rupture of the top head could occur in the

torispherical shell or in either of the two cylindrical

shell regions. Finite element analysis results for radial

growth are shown in Figure 8-2 for the crown of the

torisphencrd shell and in Figure 8-3 for both cylindrical

shell sections. In each case, generalized yielding of the

section is indicated by the initial slope reduction of the

curve, which occurs at approximately 4.0 MPa internal

pressure for the torispherical shell and at 6.0 MPa for

the cylindrical shells. However, in all secticns,

substantial capacity remains after initial yielding due to

hardening of the material. The onset of global ductile

rupture is indicated by substantial radial growth with a

small change in internal pressure, i.e., the internal

pressure at which the radial growth reaches an

asymptotic value. The finite element results indicate

that this pressure is slightly above 12.0 MPa in all three

sections of the top head.

8.3 Local Ductile Failure

A failure mode more likely than global ductile rupture

for a complicated structure such as the SCV model is a

local failure caused by localized high strains. Local

high strains may occur near stiffeners, thickness

transitions, and changes in geometry. These may be

intentional features of the design or as-built features.

Failure in local areas is highly dependent on the exact

geometry of local features in the actual model. There-

fore, predictions are much less reliable than those for

global failure modes.
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Figure 8-4 shows a comparison of local critical strain

areas from the finite element analyses. Only the results

from two local submodels, the equipment hatch with

wall thinning (LEHSTh) and the local top head

continuum (LTHAXC) models are shown. For

comparison of locations with differing material

properties, the strains for each location were

normalized by their true strain at maximum load from

the Hitachi tensile tests. Therefore, a y-value of 1.0

corresponds to the strain at necking from that material’s

uniaxial tensile test. The raw (unnormalized) data are

plotted in Figure 7-8 and Figure 7-19.

When the strains are normalized, the primary candidate

for failure location becomes clear: the 9.0 mm wall

section just below the material interface and near the

equipment hatch insert plate shown by the long dashes

in Figure 8-4. The primary reason that this particular

Iocation stands out is the difference in the ductility

between the SPV490 steel and the SGV480 steel. The

true strain at maximum load for the SPV490 material is

approximately 10%; the true strain at maximum load

for the SGV480 material is approximately 2070. Thus,

the SPV490 material in the thinned section (9.0 mm

nominal thickness, lower conical section) at an internal

pressure of 5 MPa has reached a plastic strain that in

the uniaxial-stress tensile test led to necking.

Continued deformation in the thinned section is

“displacement controlled.” That is, the boundary

around the plastic domain in the thinned section

interacts with the adjacent thicker stiffer elastic sections

as a “cut out” or opening with a nominally fixed

membrane load. Further increases in internal pressure

cause the boundary around the th~n section to expand

similarly to the way an unreinforced cut out or opening

in a pressure vessel expands. The expansion of the

opening imposes additional strain on the yielding

thinned section. .,

While the shell element mesh used in the LEHSTh

model has some ability to represent locally accelerated

thinning, it does not have the refinement necessary to

track the strain localization on the length scale

exhibited in the tensile test. The nature of the strain

state, biaxial tension, is also important for failure

prediction. The analysis indicates that the total strain in

the thinned section is very nearly equal in two

directions (circumferential and radial directions with

respect to the edge of the equipment hatch insert plate

edge). A1though a forming limit diagram for this

material is not available, examination of a typical

forming limit diagram for a low-carbon steel

(Figure 8-5) shows the differences between the load

path for a tensile test and the load path for the area

under consideration (equal biaxial strain). In a typical

tensile test, necking occurs at 2n, where n is the strain-

hardening exponent. Equal biaxial extension produces

a neck at 1.3n. Thus, significant localization of plastic

flow with attendant tearing is expected in the thinned

section when the normalized value of effective plastic

strain reaches (1.3/2.0) = 0.65 or 65% of the necking

strain from the tensile test. In Figure 8-4 this

corresponds to approximately 4.5 MPa internal

pressure for the location in the SPV490 material.

8.4 Conclusions

The pretest predictions of failure of the SCV model are

dependent on details that were included in the

analytical effort. In particular, local failure analyses are

very dependent on as-built features incorporated into

the analytical models. Results of a local analysis of the

thinned section of the SCV wall near the equipment
hatch reinforcement plate indicate that this area is the

most vulnerable for failure. This analysis was based on

an 18 mm gap in this region; it did not include the as-

built gap dimensions which were somewhat larger.

Given the early and rapid occurrence of plastic flow

compared to other locations within the pressure vessel,

the strains attained relative to the material’s ductility,

and the biaxial stress state, the finite element results

indicate local ductile failure in the thinned section next

to the equipment hatch insert plate near an internal

pressure of 4.5 MPa. Global ductile rupture of the
vessel is indicated in the top head at the much higher

pressure of slightly more than 12 MPa.

An earlier failure at the equipment hatch or another

location due to the presence of welding flaws or

inclusions could not be ruled out because states of

stress simultaneously produce plastic flow in at least

four other locations in the pressure vessel (primarily the

top head and knuckle regions). The weld metal and

HAZ near the thinned areas introduce additional

uncertainty. The yield strength and ductility of the

weld metal is typically higher than the parent material,

while the same properties in the HAZ are typically

lower than the parent material. Brittle failure modes

have not been considered in this analysis effort.
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Figure 8-2. Radial growth at crown of nonspherical head (see schematic Figure 8-1).
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Figure 8-5. T~ical forming limit diagram for low carbon steels. The strains below the curve are acceptable
while those above the curve correspond to regions tiected by local necking. Note the differences
in major strain values between a tensile test load path and a biaxial strain load path (1-bford and
Caddell, 1983).
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9. Supplemental Computations for Design and Instrumentation Support

Several of the previously discussed finite element

analyses were used to support the design of the model

and the instrumentation system. This section describes

addition~al anaIyses that were performed for these tasks.

9.1 SCV Model Design

Finite element computations were performed very early

in the program to investigate the effects of the proposed

mixed scaling (1: 10 overall, 1:4 wall thickness). These

included axisymmetric shell analysis of the unshielded,

mixed-s,cale model 17as well as analysis of an

unshielded full-scale containment 18’19. Comparison of

these analyses showed that the proposed mixed-scale

model would be an adequate representation of the

overall behavior of the full-scaIe containment at a

scaled pressure load. However, the relative increase in

the wall, thickness would have the effect of reducing the

bending strains and would alter buckling characteristics

in the top head. Therefore, this test should be regarded

as a validation test for analysis methods that can then

be used to analyze a full-scale containment vessel, but

the test results cannot be directly applied to infer

behaviclr of a full-scale containment.

9.2 Contact Structure

Early finite element axisymmetric shell analyses were

also performed on the full-scale containment with a

representation of a shield building in order to determine

the effects that the inclusion of a contact structure (CS)

would have on steel containment vessel (SCV) model
behavior19,20’2 1’22’23. These computations used a rigid

17

18

19

20

21

Porter,V.L.,“Anatysisof SCVModelPressurization using Typi-

cal Material Properties,” Sandia memorandum to V.K. Luk, Janu-

ary ’18, 1994.

Tho]me, B.J., “Steel Containment Vessel Calculation without

Rigid Shield Building,” Sandia memorandum to J. S.. Ludwigsen,

Dec:mber 4, 1991.

Theme, B. J., “Additionrd Information about Steel Containment

Vessel Calculated Strains,” Sandia memorandum to W.A. von

Riesernann, December 12, 1991,

Theme, B.J., “Review of ‘Study on the Effect of Shield Build-

ing’ HITA91 -003,” Sandia memorandum to J.S. Ludwigsen,
November 22, 1991.

Theme, B. J., “Steel Containment Vessel Catcrdation with Rigid

Shield Building,” Sarda memorandum to J. S. Ludwigsen.

December 2.1991.

surface to model the CS in order to bound the problem

and because no detailed information was available on

the actual shield building. Table 9-1 summarizes the

response of the shielded and unshielded containment

in key locations. Results are presented at

approximately 570 and 10% maximum strain because

the original termination criteria were based on strain.

These results showed that the presence of a shield

structure would have a significant effect on the behavior

of the steel containment model. Maximum strains of

5% and 10% occurred at higher pressures in the

shielded containment than in the unshielded.

Furthermore, these maximum strains occur in different

locations in the containment. In the shielded

containment, the largest inelastic strains occurred in the

top head, while in the unshielded containment the

maximum strains occurred in the middle part of the

conical section at lower pressure. Therefore, the

inclusion of some type of CS in the scale model test

was warranted.

Additional finite element analyses were pelformed to

evaluate the thickness of the CS for the design effort24.

These axisymmetric shell analyses showed that a

32-mm thick CS constructed of A36 steel would not

experience large plastic strains over the range of the

test.

9.3 Instrumentation Holes

The presence of the CS presented some additional

challenges for the instrumentation on the exterior

surface of the SCV model. To measure bending
response of the SCV model, strain gages were required

on both the interior and exterior surfaces at the same

location. During the initial stages of pressurization, the

SCV was not in contact with the outer structure so the

strain gages on the exterior surface functioned

normally. However, once the SCV made contact with

22

23

24

Tfsome, B. J., “Steel Containment Vessel CaJculal:ion to 4MPa,”

Sandia memorandum to R.A, Watson, July 21, 1992.

Theme, B.J., “Calculations for Estimating Loads on the Shield

Building,” Sandla memorandum to R.A. Watson. November 20,

1992.

Carter, P.A., and Porter, V.L., “Contact Stmcture Design,” Sandia
memorandum to V.K. Luk, October 11, 1994.
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Table 9-1. Behavior of Shielded and Unshielded MK-11 Containment Vessel

Parameter Unshielded Shielded

Yield Pressure (MPa) 0.75 0.75

Pressure at First Contact (MPa) NIA 0.84

(near top of equipment hatch)

At Approximately 5~0 Maximum Strain

Pressure (MPa) 0.96 1.2

Maximum Strain at Knuckle (’%0) 5.2 2.2

Maximum Strain at Equipment Hatch (%) 2.9 0.6

Maximum Strain in Top Head (~o) -0.2 (5.2)

At Approximately 10% Maximum Strain

Pressure (MPa) 1.25 1.4

Maximum Strain at Knuckle (%) 11 2.2

Maximum Strain at Equipment Hatch (%) 6.4 0.6

Maximum Strain in Top Head (%) (6.1) (8.9)

Note: All strain values are membrane strains. Meridional strains are denoted by enclosure in parenthe-

ses. All others are hoop strains.

the CS, any strain gage in the area of contact eventually 9.4 Inner Support Ring Adeauac~--
ceased to function. Therefore, measuring bending

response beyond this point would not normally be

possible. The solution to allow bending strain

measurements to continue after contact has been

established was to put small holes in the CS over a few

of the gages on the exterior of the SCV as long as the

holes were small enough that they would not affect the

local behavior of the SCV model. Axisyrmnetric finite

element analyses of a uniform load on a circular plate

over a hole were performed to assess the effects such a

hole in the CS would have on the strain in the SCV

wa1125. Results of analyses for both 1.5-inch and 2.0-

inch diameter holes in the contact structure indicate that

the bending strains introduced in the SCV wall by

contact with the hole would be on the order of 470or

5% of the membrane strains. Furthermore, the

deflection due to the bending is less than 0.2 mm even

in the worst case. This amount of localized bulging

represents less than 3’%0of the wall thickness.

25 Porter, V.L., “Investigations of Potential Etrors Introduced by

Instrumentation Holes in the Contact Structure,” Sarrdia memo-

randum to V.K. Luk, February 7, 1995.

During construction and instrumentation of the SCV

model, an inner ring in the bottom head provided

support for two technicians and instrumentation

equipment. Instrumentation continued to be supported

by this ring during, the test. Finite element results for

the radial deformation and stress state in this ring

during pressurization showed that the SCV model

exhibits very little radial expansion in this region and is

sufficiently strong to sustain the anticipated loads26.

Furthermore, results of a simple closed-form analysis

with both live and dead loads on the ring indicated that

the ring was more than adequate to support the

anticipated loads without significant vertical deflection.

26 Porter, V.L.. “Analysis of Inner Support Ring for SCV Model

Test,” Sandia memorandum to V.K. Luk, Febrwuy 4, 1995.
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10. Summary and Conclusions

This report documents the finite element analyses

performed at SNL for support of design efforts and for

pretest predictions of the behavior of a steel

containment vessel (SCV) model to be tested in a joint

program sponsored by Nuclear Power Engineering

Corporation (NUPEC) of Japan and the Nuclear

Regulatory Commission (NRC). The ABAQUS

(1993b) general purpose finite element code was used

for all structural analyses.

Preliminary axisymmetric analyses were used to

characterize the behavior of the shielded mixed-scale

model and for studies regarding the development of the

finite element models to be used for later pretest

predictions. As a result of these scoping computations,

shell elements were used extensively in later models for
prediction of model behavior during the test. In

addition, the preliminary finite element analyses were

used to perform a parametric study on the effects of

friction between the SCV and the contact structure

(CS). Results indicated that the magnitude of the

friction coefficient between 0.1 and 0.5 had little effect

on model behavior, although results from a frictionless

analysis were substantially different. Because the SCV

model and the CS are not lubricated surfaces, a friction

coefficient of 0.20 was judged a reasonable assumption

and used in all subsequent analyses. Finally,

axisymmetric finite element analyses of uniaxial tensile

test specimens were also used to extrapolate the

material data provided by uniaxial tensile tests beyond

maximum load to the stress ranges needed to extend the

predictive analyses to the point of failure.

The structural analysis effort for pretest predictions of

model behavior consisted of four basic finite element

models with some analyses repeated with slight

modifications. The results for first yield and for first

contact for each of these analyses are summarized in

Table 10-1. The first finite element model was a global

axisymmetric shell element model. This model was run

with two different gap dimensions (the nominal

distance between the SCV and CS): 18 mm (the as-

designcd gap), designatedasGAX18, and 34 mm (a

worst-case-scenario gap), designated GAX34. All

remaining analyses used the as-designed 18 mm gap

dimension. The second model was a global three-

dimensional shell element model (G3DS) whose only

non-axisymmetric detail was the equipment hatch.

Results from this model called for further study in two

areas: (1) the area near the junction of the material

change interface and the equipment hatch insert plate,

and (2) the top head including the knuckle. The third

model was a local axisymmetric continuum element

model of the CS and the top head area of the SCV from

the apex extending down to the upper 19 mm stiffener

(LTHAXC). The last model was a locally refined shell

element submodel of a cut-out of the material change

interface/equipment hatch insert plate junction from the

three-dimensional shell element model. This model

was first run with design parameters (LEHS) and then

rerun later with a representation of as-built shell

thicknesses when they became available (LEHSTh).

Pretest predictions of failure of the SCV model are

highly dependent on details that were included in the

analytical effort. In particular, local analyses are very

dependent on as-built features incorporated into the

analytical models. Results of a local analysis of the

thinned section of the SCV wall near the ec[uipment

hatch reinforcement plate indicate that this area is the

most likely for failure. This analysis did not include the

as-built gap dimensions which were somewhat larger

than the 18 mm used in the design. Given the early and

rapid occurrence of plastic flow compared to other

locations within the pressure vessel, the strains attained

relative to the material’s ductility, and the biaxial stress

state, the finite element results indicate local ductile

failure in the thinned section next to the equipment

hatch insert plate near an internal pressure of 4.5 MPa.

Global ductile rupture of the vessel is indicated in the

top head at the much higher pressure of slightly more

than 12 MPa.

An earlier failure at the equipment hatch or another

location due to the presence of welding flaws or

inclusions could not be ruled out because there are

states of stress simultaneously producing plastic flow in

at least four other locations in the pressure vessel

(primarily the top head and knuckle regions). The weld

metal and HAZ near the thinned areas introduce

additional uncertainty. The yield strength and ductility

of the weld metal is typically higher than the parent

material, while the same properties in the HAZ are

typically lower than the parent material. Brittle failure

modes have not been considered in this analysis effort.
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Table 10-1. Summary of Pretest Analyses

Model Description

Global Axisymmetric --18 mm Gap

(GAX18)

Global Axisymmetric --34 mm Gap

(GAX34)

Global 3-Dimensional Shells (G3DS)

Local Axisyrnmetric Continuum of Top Head

(LTHAXC)

Local 3-Dimensional Shells of Equipment

Hatch Area (LEHS)

Local 3-Dimensional Shells of Equipment

Hatch Area with Thinning (LEHSTh)

First Yield First Contact

Location

Knuckle

Knuckle

E/H sleeve at attach-

ment to insert plate

Knuckle

Middle conical

section adjacent to

insert plate

Above thinned

section adjacent to

insert plate

Pressure Location I Pressure

2.2 MPa
Knuckle/upper

4.0 MPa
conical section

2.2 h4Pa
Knuckle/upper

4.0 MPa
conical section

2.3 MPa
Knuckle/upper

4.1 MPa
conical section

1 ,

2.0 MPa Knuckle I 3.2 MPa

Middle conical
2.6 MPa section 4.2 MPa

Middle conical
2.2 MPa section 4.2 MPa

NUREG/CR-6516 10-2
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Appendix A

Steel Containment Vessel (SCV) Model and
Contact Structure (CS) Drawings
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Appendix B

Uniaxial Test Data
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Table 1. Dimensions of Test Specimens

D
(mm) (mLm) (mRm) (mpm)

-14 50 15 60

-lo 35 12 50

-6 21 10 35

-4 14 6 24

-3 11 4 20

L: Gage Length

R R

TRI-6403-012-o
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Table 2. Outline of SCV Material Tests

w
-h c=

P2

TRI.640>0130

Location Material Thickness Table Direction Specimen
(mm) Number Number

1 Roll
SGV480 6

RI, R2

Top Head Shell
4 Rectangular Tl, T2

2 Roll
SGV480 6

R3, R4

Top Head
5 Rectangular T3, T4

3
SGV480 7.5

Roll R5, R6

Conical Shell 3 6 Rectangular T5, T6

4
SGV480 8

Roll R7, R8

Spherical Shell 7 Rectangular T7, T8 ~

5 Roll
SGV480 8.5 6

R9, R1O

Conical Shell 2 Rectangular T9, TIO

6
SGV480 9.5

Roll Rll, R12

Reinforcement Ring
9 Rectangular T1l, T12

7 Roll
SGV480 12.5 10

R13, R14

Reinforcement Ring Rectangular T13, T14

8
SGV480 19 11

Roll R15, R6

Reinforcement Ring Rectangular T15, T6

9
SGV480 20 12

Roll R17, R18

Flange, Hatch Cover Rectangular T17, T18
Hatch SLeeve

10 Roll
SGV480 28 13

R19, R20

Knuckle Rectangular T19, T20

11
SPV490 9 14

Roll R21 , R22

Cylindrical Shell Rectangular T21, T22
Conical Shell

12 Roll R23, R24

Hatch Reinforcement Plate ‘pv4g0 17.5 15 Rectangular T23, T24



Table 3. Faikm Results of Tensile Test

Location Specimen Gage Len@ Elongation Elongation Initial Diameter Find Dim-nctcr
# L (mm) Lf (mm) (%) D (mm) Df (mm)

ZEEEl
R1 11.0 15.18 38.0 3.01

1
I 1.34 80.2

w! 11.0 15.23 38.S 3.01 1.47 76.1

T1 11.0 15.49 40.8 3.01 1.33 I 80.5

T2 I 11.0 15.34 39.s 3.01 1.33 80.5

R3 11.0 15.17 37.9 3.01
2

1.s0 7S.2

R4 1).0 1s.20 38.2 3.02 1.51 7s.0

‘n 11.0 14.78 34.4 3.00 1s2 743

T4 11.0 15.03 36.6 3.00 1.54 73.6

R5 11.0 15.22 I 38.4 3.00 136 79.4
3 R6 11.0 15.33 39.4 3.01 1 1.36 79.6

T5 1Lo 1539 I 39.9 299 1.41 n.8

T6 11.0 15.24 38.S 2.99 I 136 793

R7 14.0 19.61 40.1 4.02 1.92 n.2
4 R8 14.o 19.02 35.9 4.02 1.99 75.5

T7 14.0 19.20 37.1 4.01 2.02 74.6

T8 14.0 1938 38.4 4.02 2.07 73.5

R9 14.0 19.48 39.1 4.01 1.94 76.6

5 R1O 14.0 19.99 42.8
I 4.03 1.94 76.8

T9 I 14.0 19.27 37.6 4.03 2.10 72.8

TIO 14.0 I 19.08 363 4.00 2.08 73.0

RI 1 14.0 19.64 403 4.02 1.80 80.0

6 R12 t 14.0 19.73 40.9 4.00 1X2 793

TI 1 14.0 19.40 3g.6 4.01 2.08 73.1

T12 14.0 19.22 373 4.02 I 199 7s.5

R13 21.0 28.S3 359 6.01 2.90 76.7

7 R14 21.0 28.64 36.4 6.01 2.91 76.6

T13 21.0 28.79 37.1 6.02 3.01 75.0

T14 21.0 28.72 36.8 6.00 2.98 753

R15 35.0 49.33 40.9 10.00 5.16 73.4

8 R16 35.0 48.83 39.5 10.01 I S.og 74.1

TIS 35.0 49.00 40.0 10.01 5.15 73.5

T16 35.0 4937 41.1 I 10.00 5.12 73.8

R17 35.0 49.43 41.2 10.01 5.07 74.3

9 R18 35.0 48.82 39.5 10.00 5.11 73.9

T17 35.0 48.21 37.7 10.02 5.38 71.2

T18 35.0 49.16 40.5 10.03 I 534 71.7

R19 50.0 69.26 I 38.5 I 14.01 7.38 72.3

10 R20 50.0 70.22 40.4 14.01 I 7.28 73.0

T19 50.0 68.78 37.6 14.00 7.54 71.0

T20 50.0 68.76 37.5 14.01 7.57 70.8

R21 14.0 18.17 29.8 4.02 1.63 83.6

11 R22 14.0 18.21 I 30.1 4.02 I 1.67 82.7

T-21 14.0 18.04 28.9 4.02 1.52 8S.7

-f2~ 14.0 17.90 27.9 4.01 1.64 I 833

R23 35.0 45.s0 30.0 10.01 436 81.0

12 R24 35.0 45.48 29.9 10.01 4.42 80.5

TZ3 35.0 45.6.1 30.4 10.01 4.48 I 80.0

na 35.0 4s.71 30.6 10.01 4.42 80.5
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315,3
3504
365.t
396.!
396.2
4t30
470.5
5W0
5253
547.7
567.1
684.4
mo.1
614,1
6269
636.7
649.5
859,6
6666
677.5
662.7

T2

}
2
3
4
5
6
7
6
9

10
i!
12
13
14
15
16
17
16
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
36
39
40
41
42
43
44
45
46
47
46
49

E

Engr,
tialn
(%)

Oom
0033
0010
0027
OW4
0.062
0079
00913
oli3
0130
0.147
0.165
0.182
0 !97
0,199
0.729
2.144
3.556
4.973
6367
7.602
9.2t7

10631
12046
13,40!
$4.875
16290
17.705
t91t9
m534
21,948
22.126
22.65a
n 540
24.LW1
25.485
X.546
27.430
26.491
29315
34436
3t,3m
32,204
33.m5
34.149
35.210
36.095
37,155
3.3040
39.tol
39.454

EnOr.
Slrb$s
[MPs)

00
70

21.1
559
91.1

1259
1608
1955
2305
265.3
3001
3354
370,3
3997
403.9
4025
431.2
457,6
4791
4962
me
5m 6
5294
6362
541,5
5457
5466
551.2
5529
553.9
554.4
55A4
5543
5541
5534
5520
5493
5451
537.0
527,9
5143
6m4
4341
4609
4394
4!35
3920
365,6
344.0
3162
W.o

TIU*
Smln
(%)

OCCQ
o ml
0010
0027
0044
Ooa
0079
00%
ot\3
o IY3
0.!47
O 165
0,182
0197
0 !99
0727
2122
3497
4654
6.192
75!3
8817

10.103
11.374
12629
!3666
t5092
16302
i 1.496
166rr
!9343

True
Stless
(MPa)

00
70

21.1
559
91 I

1260
\61 O
195 r
22437
2656
3m5
3359
3710
4m 5
404,7
4054
4404
4r3e
5029
52r9
5496
5566
5356
&X36
6144
6369
63-32
6468
6566
66r6
6760



w
L

z

R3

I
1
3
4
5
6
7
II
9

to
11
!2
13
14
!5
!6
17
18
19
2U
2}
22
n
24
25
26
Ir
?0
29
30
31
32
33
34
3s
36
37
36
39
40
41
42
43
44
45
48
41
4!3
49
50
51
52
53

131gr,
Slrmln
(%)

Omo
0002
0014
0.02 I
Oota
0032
0040
0056
0053
0 Ors
0069
0096
Otto
0117
0 !26
0.131
0.35?
0201
0340
1.156
2460
3.203
4066
4953
8.174
7.591
0850

tO 27t
Ii.sl?
92.795
t4 507
16m6
19813
22.8S2
23 W
24.173
25026
25601
27.221
2K442
29560
30632
3t.350
32546
33645
34,426
35091
35.628
36075
36659
37.067
37.502
31.91 I

Engr,
S19S9
(MPa]

00
38

268
51.4
7e2

Im 9
!256
t505
1136
1963
m6
2476
?r?.t
29&7
328,4
3446
3695
4138
4058
4m o
420?
4409
4620
481.3
?0!.0
5192
S308
5403
540e
551.9
5559
5S32
5562
559,1
5560
5590
5562
557,2
5536
6482
5403
s30e
5226
$361
4893
414.?
461,3
4496
4369
4242
4129
401,3
3661

Tnl*
Waln
(%)

Om
oa??
oot4
0021
0016
0032
0040
0055
0m3
o0?5
0089

0,710
0111
0.726
0131
0157
0.201
0336
1.15t
2,430
3.123
3961
4834
5991
7,311
0 4m
0771

10m6
t2040
13546
14649
to078
20561

TNb
sifass
[MP@

00
36

268
51,4
78.2

100.9
f25.7
!506
173.7
166.4
223.0
247.9
212.4
297.0
321.0
3453
310.3
4t4,7
407,2
413.6
431.t
4550
461.7
Y35.2
532.9
556e
sn.e
5950
6096
an. 1
6360
647.6
666.0
664.0

Tnl)lc 5.

(44

1
2
3
4
5
6
7
a
9

to
t!
12
13
!4
15
18
tl
io
19
20
2t
22
23
24
z
26
27
26
26
30
3t
32
33
34
35
36
3?
36
39
40
4!
42
43
44
45
46
47
48
49
60
51
52
53

EIKW.
Smln
(%)

Oom
0001
o.m4
0.023
0037
O.m?
0,078
O,lcrl
0.1$4
0,133
0,141
O.m?
o,te5
0,205
0.224
0.?48
0,260
0.282
0.339
1.926
3.051
3.682
5.078
a,4t8
7.692
9.523

11.394
13.187
15.261
i7.450
la.a75
20.6W
21.507
2?3.710
26.74s
27.562
27.964
28.61YJ
26.631
30.m4
30,840
31.422
32.213
33.059
3.3.647
34.745
35.253
35.639
36.341
36,792
37,255
37,597
36.!63

Locnlhm 2 Test Results - Top lIcw1 (SGV480: Thickness 6 mm)

Errgr.
6WWS
(MP@

00
2,7

27,0
53.2
780

W4.4
two
156.0
163.1
206.4
235.6
261.6
287.9
313,5
339.6
365.9
392.3
431.7
419.7
418.3
425,t
441,2
4t4a
489,3
54J7.6
622.6
534.6
513.2
550.1
5W5
556,2
557,4
557.7
6?17.O
&17.4
556.9
5%.3
555.0
552.0
551,0
547,3
544.4
536,7
531.2
522.6
512.2
505.3
4964
466,9
4E11.t
413,1
4~,6
454,7

True
Slmln
(%)

O.mo
0001
0004
0023
0.037
0.LM2
0.078
o.im
o.ff4
o.t33
o.t4t
o.t63
o.t85
0,20s
0.224
0246
O.?m
0,262
0.339
1s06
3.m
3409
4,952
6.22f
7.566
9097

10.791
12.387
t4.203
16.065
i7.29t
10.013
19.460

Tnla
611as9
(MPa)

0.0
2.7

27.0
63.2
78.0

104.5
t30.7
t56.6
163.3
2m.7
13s.9
262,1
266.5
314,2
340.3
366.6
393.3
432,(I
421.2
426.3
436.1
456.3
4603
&70.7
547,7
572.4
535.7
6!4.6
634.0
651,2
66!.2
672,6
en.7

T3

1
2
3
4
5
6
7
8
9

10
If
12
13
14
15
i6
t7
18
tQ
m
21
22
23
24
25
23
27
28
29
30
31
32
33
34
3s
36
37
36
39
40
4!
42
43
44
45
46
47
48
49
50
51
52
53

Engr.
61mln
(%)

Omo
o.m2
0036
o.on
0.050
0066
0.032
o,tt9
o.t43
o.t73
0,185
o.2t8
0.242
0250
0,2M
0.307
0.316
0.352
0.s47
f.146
2s00
3.630
4,842
5$56
7,510
0563

1!.464
t36m
15.074
18063
t9.913
21,762
?t.elo
22-717
23.422
23.965
24.931
25,710
26.363
27.313
26.t53
29.167
29962
30643
31.040
3t.51t
32.134
32.626
32.949
33.mi
33,560
34055
34,364

Engr.
611es*
(MPa)

00
36

27.6
64.1
60,8

lca,e
t33.4
159,8
166,7
2133
239.9
26&5
293.3
316.7
344.0
370,6
397.3
440,6
417,2
4185
425.3
4326
455.7
4766
4993
519.4
532.7
544.5
551,7
6563
556.7
559,7
559.7
559.2
556,5
557.4
554.9
551,0
547.6
539.5
53t 6
518.9
S37.5
4%.4
489,5
4643.6
467,6
4569
449,2
44!.4
4336
420.3
411,6

i%%
(%)

O.mo
o.m2
0.006
0.023
0050
o.m6
0.092
0.110
0.743
0.173
o,t85
0.218
0.242
0.259
0,263
0,3C4
0.315
0.351
0.645
i.139
2469
3,756
4,728
6.797
7.297
9.t5t

to.853
12.@3S
14.619
16,622
16.159
le.m

Ttub
slew
(MPa)

00
3,6

27.8
54.t
643.8

107,0
1335
1600
187.0
213.7
240,3
261.t
m4.o
319.6
345.0
371.7
3365
442.4
4t9.5
423,2
435.9
449,t
“477,6
605.3
637.i
569,t
593.6
6!0.?
639.0
656.0
669.@
66t45

74

1
2
3
4
5
8
7
6
9

to
1!
12
13
t4
15
16
11
16
19
m
21
22
23
24
25
26
27
28
29

:
32
33
34
35
36
37
36
39
40
4!
42
43
44
45
46
47
46
49
5a
51
52

ErkJr.
Stmln
(%)

O.om
o,m2
0.035
0070
0.097
0.127
o,15t
0.175
0.207
0225
0.255
0.273
0297
o.3ill
0.356
0.371
0,389
o.4to
0,431
0.754
2056
3.651
4.703
6,132
8.m5

tow
12.164
14540
16.156
17.660
m.w
n,kw
20.055
23.19!
24.100
25.CCU
25,641
27.n3
26.200
29.163
30264
30.474
31.354
32,236
32.72?
33,2t6
33.740
34.406
3t936
35,536
35.865
3um

Engr,
Slfe$s
(MP#)

00
3.4

321
62.3
023

1222
1525
162.6
2t26
242.6
2126
3$32.5
3326
362.7
392.9
4229
4532
463,2
509.6
422t
4227
4346
457.2
463.2
K136
521.5
539.2
5492
5540
5577
56U6
561.4
561.4
561.0
5606
5595
557.0
552.1
M5,4
5370
526 t
52t,9
6097
495,5
4e4.6
477,4
4640
451,2
436,2
4233
41!,0
3960

53 38636 369.2

Trw
!5tmin
(%)

Oan
o ml?
0035
0070
0097
0.127
0151
0175
0 m7
0224
0254
0272
0296
0317
0355
0370
0368
0.409
0434
0.761
2035
3 n6
4595
5951
7.7m
961f

11.470
13575
14979
18543
18.549
23023

True
RI ass
(MPa)

00
34

321
623
924

1223
1527
1629
2130
2432
2733
3034
3336
3536
3943
4244
4549
465.2
5119
4253
431.4
451,4
4787
5!16
5474
561.9
6048
6230
6435
6560
6746
6659



w
&l

745

I
2
3
4
5
8
7
8
9

10
t!
12
i3
14
15
16
17
18
19
20
21
?2
23
24
25
26
27
?8
29
30
31
31
33
34
35
36
37
36
39
40
41
42
43
44
45
46
41
46
49
50
51

Engf.
Sllahl
(%)

Oam
0034
0012
0030
0048
Om
0(!.94
0103
0121
0139
0 15r
o.t15
0,193
0613
1.a7t
3 !29
4,36a
54346
0905
6.163
9421

1064X3
11.936
13107
14455
15.7t3
16911
162?4
19469
20747
22a35
n,264
23563
24522
25.361
262m
27.039
2r.616
28.717
295Ql
3a395
31,233
32072
320!1
33750
34s69
35.416
36261
37,106
37943
36304

Cqf,
Sllms
(MPa)

00
74

238
633

1027
1421
1814
221,0
2605
ma
3393
3780
4!7,2
4064
41t,2
4060
4319
4546
47f.5
4s6 o
4963
S064
5166
5?39
S.n e
534,3
5361
541,1
543 e
6454
5480
547.2
547.1
5487
5454
643.4
540,2
535.t
5205
5iQ 2
5102
4967
465.1
469 a
4511
431 t
4o14
33-40
357.n
331,7
317,3

TIW
SWln
(n)

Oom
0004
0012
0030
0048
0066
0064
0 to3
0!21
0.139
0157
0!75
0192
061!
1.653
3061
4294
5492
6677
7.647
9003

to 147
tl,277
913S6
t35Ql
t4594
15676
16.746
!7605
!6 852
196a9
20916

Trw
Slfms
(}APc)

00
7.4

236
63.3

t02.7
1422
t6t,6
Z21.3
2800
3003 \
339.8
379.3
4!130
4ft.o
4t69
4207
451.9
4e413
504.1
5257
5452
562.7
576.5
5930
lwl
6162
52a5
639.0
6496
6566
5669
674,5

I.ocnllon 3 Test RCSIIIIS - Upper Conlc:~l Shell IIctwccn }Vcld Lines (SGV4M: ‘1’hickncss

R13

t
2
3
4
5
6
7
8
9

10
11
12
13
14
!5
t13
17
16
19
20
?1
22
23
24
25
26
27
26
22
30
31
32
33
34
35
36
37
36

- 39
40
41
42
43
44
45
46
47
46
49
50
51
52

EnQr.
SMn
(%)

0030
O.olt
0015
0032
0.056
0.054
O,lM
0,122
0.140
0.!78
O.m
0.2!0
o.25f
0.285
0,292
0.324
0.3s6
0.376
0.407
O,ml
t ,W8
2.675
3.764
5C05
13.45t
7.Q33
8.878

12.340
f4.7M
t7.52t
X3.266
22.740
23650
24.513
2’W300
27.232
26.374
29.660
30,91t
32.152
33.163
33.946
34s61
35.341
35.02!
36.493
3?,052
37.635
36.121
36563
39.042
39.365

Sl&
(MP@

0.0
26

292
538
601

lose
132.6
t57.o
163.6
2to.1
236.6
262.0
249.4
316.3
342.6
366.9
395,3
429.7
4594
4109
402.4
3995
410.4
4305
455.0
475.4
494,6
5t2.6
524.5
534.1
S40.2
543.3
545,3
545.0
543,7
541.2
537,3
5302
520.3
505.1
495,1
463.5
471.5
4s68
447.2
434.7
42t,6
407,0
3936
36!.1
306.3
356,1

TIIJO
Slmln
(%)

Ocm
0011
0015
0.032
OH
0.064
0.105
O.tn
0,140
0.t76
O.m
0.219
o.25t
0.265
0.292
0.324
0.356
0378
0.407
05W
1.E63
2640
3695
4.664
6.252
7.662
9,420

1!.636
i3.747
16.t45
t6.4S6
20460
21.229

TNC
stress
(MPI)

0.0
2.8

29.2
64.0
60.2

106.7
132.9
157.2
t63,6
210,4
23?,f
2635
290,1
3t7.2
3436
370.1
396.7
423.3
481.3
413.4
409.t
4!0.2
425.fl
452.1
484.4
513.3
543.7
575.@
6oi.7
82?.7
649.6
666.8
674,2

15

t
2
3
4
5
6
7
6
9

to
11
12
t3
14
15
16
17
ta
19
m
21
22
23
24
25
26
27
26
29
30
31
32
33
34
35
36
37
36
39
40
41
42
43
44
45
40
47
46
49
50
51

Engr,
!Moln
(%)

Oom
0.IY33
0021
0.043
0.0s5
0.056
0.f06
0.130
0.151
0.113
0.195
0.204
0,592
1,665
2.om
4.064
5.765
7056
8352
9.645

10936
f2.232
13525
14616
f6t12
!7,405
f13696
19.922
21,265
22S76
23672
24.001
24.369
25.294
26.200
27.W5
27.661
26.766
29692
30597
3!,602
32,406
33,1B4
34069
34094
35000
M em
37.710
3a466
39392
3992!3

Enor.
slmss

00
65

43.2
67.4

t3!.41
f75.4
2198
2636
307.6
352.2
3W.O
4136
4!4.!
412,8
4109
407.7
4529
473.4
469.6
503,3
5f40
5n 6
53f.0
5369
54t.7
545.6
546,?
5509
552.5
553.4
5536
553.9
553.7
553.2
552,2
5504
547.9
543,7
537.6
529.6
520t
W54
4W,4
460.4
461.6
440.f
415,1
3662
3000
329.2
310,2

TN.
.Swaln
(%)

O,m
0003
0021
0043
0.065
0066
0.105
o,f3!3
o.t5t
0.1 J3
0.195
0.XJ4
0.590
1.565
2.078
4.003
5.605
8.6X3
8022
9.206

10,360
tf.540
12665
13.616
14.939
16.046
17,f4f
16.226
le.237
20,356
21.406
21,512

TN.
Sllws
(MPs)

00
65

43.3
87.4

131.7
1756
2198
2641
3063

3906
414.7
416.6
420.3
422,9
424.3
479.0
50%8
5306
651.6
5706
567.6
5Q29
616.5
090
640 a
651,3
661.1
670.1
8763
666,0
6668

T6

1
2
3
4
s
6
7
8
9

10
11
12
13
14
15
t6
t7
f6
to
20
21
22
23
24
25
26
27
26
29
30
31
32
33
34
35
36
37
36
39
40
41
42
43
44
45
48
47
4.9
49
W

;;

EmIr.
Stmln
(34)

O.mo
0004
0024
0,043
O.cm
0052
0102
0 12f
of41
0160
0,160
0200
o-m
0613
f.532
3.322
4.2?1
5490
6.709
7.%28
9.146

!0 367
11666
126Q5
14025
f5.244
16463
17562
16.902
m,f2!
21.340
22559
nlm3
n n7
24.050
24,8!38
250fl
X.759
27.S72
26.5X3
29.333
34).281
3f.094
31.m7
32855
33E$6
346!6
35.429
36376
37.Iw
36.t39
36545

I%gr.
Svess
(MPs)

00
66

485
560

!276
167.3
2070
2469
266.7
3266
366.5
4064
4f96
4170
4W 6
403.1
4266
4506
467,7
4626
4950
SOS.2
5138
5206
5265
531.t
535,1
537.9
S403
542.1
5432
543e
544.0
5440
5437
543.0
541.7
539.1
5356
5296
5n 2
5t3.6
S036
4922
47G4
4606
4396
4166
391.3
3652
3342
3149

7.5 mm)

Tm
Slnin
(%)

O(xn
o CX34
0024
0043
00+32
0062
0 to2
0!21
0141
0160
0160
0200
0.2C6
0612
1616
3266
4.163
5345
6494
7630
8754
B664

10963
12049
13125
14169
1524!
16262
t7.313
16.333
19343
m 343
20563

lnm
SvOsi
(MP@

00
66

466
660

127,7
!67 4
2072
247.2
?672
3271
367.7
4072
4a3s
4195
407.9
4164
447.2
4754
499 I
5208
S403
557,6
5733
567.3
@34
612 I
6n 1
6330
6424
6512
6591
6&36
6.932



747

I
2
3
4
5
e
1
e
9

10
II
t?
13
14
15
16
!7
18
19
m
21
72
23
24
25
2a
21
18
m
30
3!
32
33
34
35
36
3r
36
39
40
4!
42
43
44
45
46
4)
48
40
w
5!
52

Engr,
Sualn
(%)

Omo
o w?
0017
0033
0051
0070
0069
0106
0121
0!45
0164
0186
1,154
2.124
3011
5139
6466
7.7%
9 1?4

10453
!t,181
13 tio
14436
15766
1?,0%
18423
19751
2m30
22406
23737
25065
26393
2?.722
2r m
m 365
29048
2!7628
30291
30671
31.535
32115
32,?18
33.35a
34021
34601
35.lat
36425
37,666
36331
36911
39514
400?2

Engr.
Slre$s

00
3r

369
694

!104
(500
1914
231.5
2723
3!21
353 I
404 a
3944
394,3
4m?
431,7
4502
4M,4
485.3
4953
5039
5114
51a7
5n f
527.4
532,t
5354
5305
5403
54t,6
5415
5430
5433
5433
5430
542?
542t
541.0
5399
537,1
534.1
m 1
m 4
5154
5033
4920
461.2
424.2
3951
369.3
34a 4
33!.7

Tru
Slrdn
(n)

Om
o m2
oo\r
0033
0051
0070
0069
O.lm
0.127
0145
0 flu
p Ian
1147
2,66?
3740
5011
8 26?
7,501
a 731
0942

}! f37
12310
13466
14640
!5 781
feem
la 024
19.128
20219
21,2V3
21306
n 422
24 4Ea

Tnblc 7*

True
Siltio
(MP@

00
37

we
698

1105
I&z9
191.8
2318
272?
3132
3537
4056
3090
405!
4160
4539
4793
Y349
529e
541,1
5632
5185
593a
6076
af7.e
a30 I
641.2
6520
661.3
6102
a7a5
6M3
693.9

R8

1
2
3
4
5
a
7
8
Q

10
11
!2
13
14
15
!e
17
18
te
20
21
22
23
24
25
26
27
28
20
30
31
32
33
!44
35
36
37
3a
39
40
41
42
43
44
45
46
41
48
49
m
51
52

Engr,
Slrdn
(%)

Oom
0002
0.021
0039
0056
0017
0096
0.114
0.433
0149
0.166
0200
0660
2mt
3.562
4.7a3
5.M4
7.t65
8.485
9.6m

11.127
t2,44a
13.769
ts.m
I6,41O
t7.73!
19052
20373
2t.694
23,015
!24.336
25.536
25.6f1
26.135
2116513
27,162
27,705
20,!54
28676
292QI
29725
30.246
30,772
31,295
3f,6f9
32,342
32.666
333f5
34362
34.6435
35.409
35.656

Locn[lon 4 Test Rcsuils - Sphcric:]i Shell (SGV480: ‘1’llickncss 8 mm)

Enor.
Slre$s
(MPa)

0.0
3.1

434
64.0

124.1
!646
2049
245.6
265.6
320.2
360.6
430.7
4150
394.6
396e
4m,6
420.3
449,9
470.4
481,6
493,1
602 t
510.3
515.4
$205
5254
526.7
531.5
533.4
5345
535.2
5)5,6
5350
535.6
535.2
ty2
633.!
531.4
520.7
522.6
516.4
fo7,7
494.t
46411
470.1
454.1
435.7
,116.2
361.1
355.6
330.5
312.1

Tms
61mln
(%]

Omo
0,002
0021
0039
0056
0077
0M6
0414
0.132
0,140
0,167
O.tw
0.677
1s61
354X2
4653
6.679
6.920
8.!44
9.354

10.5W3
1!.732
12,903
14054
15194
!6 323
17.439
!6542
19.634
20.713
2t.7al
?2.742

Tnm
S?loss
fMP@

00
31

43.5
64.1

124.{
t64.7
205.f
245.6
266.1
3207
2431.4
431.6
4t7,a
402,?
4109
4t9.7
455,5
4622
6103
52I37
547.9
664.6
66o6
593.2
503.0
a18,6
629,4
639,6
649.t
657.5
665,4
672,1

77

I
2
3
4
5
6
7
6
9

10
It
12
13
14
f5
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
3a
31
36
39
40
41
42
43
44
45
46
47
46
49
50
51
52
53
54
55

Engr.
Sifaln
(%)

O(U32
Oma
0009
0,027
OM1
0097
0.126
0151
o.3a5
0206
0.250
0 2a43
031a
0,440
I .896
2.963
3.934
4856
6,672
6.669
7.759
8.744
9613

10870
11.578
126437
13670
t4.743
15676
16.713
17a63
t6a50
19995
20.677
m.790
21.706
22596
23561
24.439
25.341
25.976
26.93I
27.679
2871t
s 243
30006
30656
3!?40
32.447
3321f
33967
34.892
35a26
211549
37.150

Engr,
S7104S
(MP4)

00
14.7
51,4
al,9

116.4
153.!
t900
225,9
263.0
3m,2
3370
373.7
4030
3605
365,7
400.6
432,4
453,2
472,2
487,2
497.8
507,6
516,a
524.1
528.0
5334
537,0
5409
543.2
5450
546.9
547,6
549.0
549,1
5.490
549.0
540.4
547,6
5463
5443
541,9
537.2
531.9
523.2
S17.Q

500,0
497,5
403.7
471,4
45+3.9
440,2
4m6
3932
371.3
343,1

Two
Slrdn
{u)

Oom
0006
0009
0027
O.Oat
0.097
0126
0.!5!
0.185
O.ma
o 2W
o 2M
0316
0439
1.679
2.940
3.859
4,744
5.706
6662
7.473
6363
9.361

lo.3i9
10954
1t.045
12.613
t3 753
14,663
15455
16,436
i7,2a3
!8226
16.795

TN*
sllm$
(M?s)

00
f4,7
51.4
81.9

1165
i532
Iw 2
2263
2635
3ma
337,8
3746
404.2
3622
393,0
4m7
4494
475.2
4999
520.6
536.4
5520
567.5
5610
5691
60!.1
6!0.4
6X2.7
6283
6360
0446
651,1
653.7
662,8

T6

t
2
3
4
5
6
7
6
0

10
11
\2
13
!4
!5
16
17
10
!9
m
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
3?
36
39
40
4t
42
43
44
~~

4a
47
46
49
w
51
52
53
54

Erqr,
Strain
:!4;

Oooo
0005
0007
0039
0072
01!1
O 142
0 fan
0.2Q4
0.235
0.267
0.342
0463
1.555
261(
3695
5.t!6
6259
7341
6481
9597

10,92f
t2,145
13.164
t4. t90
15243
16311
17.5m
16,760
19970
m,976
22324
22.702
22623
23647
24.354
25063
25649
28.54a
27.523
28.4&3
2U27
30,1?2
30643
~s,a~

32 a24
33.391
33954
34665
35451
36272
37 m3
37.85!
36.434

Engr.
Slress
(w%:

00
9.7

449
626

1196
!597
2U30
2369
2771
3183
3561
41!6
3647
3756
3654
419.5
4455
4655
461,3
4942
5046
5!45
5219
5-274
5310
5342
537.5
6403
5415
5434
5439
544,a
544a
5445
544.5
5439
5429
54!6
5397
536.4
5310
5H 5
517.7
5102
493t?
4678
4758
466.1
4523
4369
4ta4
3942
3754
3536

Tme
Smln
(%}

Om
0M5
0007
0039
0072
0111
0142
0166
0204
0235
om3
034!
0.462
I 543
2577
3621
4989
6071
7.064
8.140
9164

10365
t 1462
!2 364
13269
14 ta7
15110
16195
17210
la 207
19042
mtw
20459

TN9
Sllbss
‘., -.,v..r4j

00
97

449
826

1199
t59a
2Q32
2373
2777
319 I
3570
4130
3665
361.4
3955
4359
4663
49t7
5166
5361
5530
5706
%53
5966
m64
6156
6252
6352
6432
651.9
a56 o
6661
6664



I-49

I
2
3
4
5
8
1
8
9

to
t!
12
13
14
15
18
17
la
t9
243
21
22
23
24
25
26
2?
28
29
X3
31
32
33
34
3s
36
37
36
30
40
41
41
43
44
45
46
41
48
49
w
5!
52
53

EnOr,
Slram
(%)

Om
o cm
0033
Oan
O(D3
Oom
002.3
0052
0016
0104
o,tt9
O142
0 t85
0199
0226
0241
0312
0647
tom
2433
3031
4257
5611
7361
9135

1084!
12432
14273
!5811
17.106
19544
212111
22369
22436
23696
24766
23nlt
26884
28181
29202
343244
31.363
32350
333435
34,169
35 OM
3s 604
M 502
37.063
3?,671
362!3
36.767
39,145

I’nl)le 8.

Engr.
Wess
(h\Pa)

00
39

3t. !
59a
663

tt6. t
t449
1750
2044
2341
2036
2338
3n,4
33!.4
3n09
4r)95
447,t
40! 9
4!06
4033
396 r
43a 4
4851
4904
5090
521.6
KM-l8
5363
542 Q
5467
5490
5502
5505
5503
5500
5491
541.?
544.3
537.0
5XI o
521.4
m64
4949
4nl 4
4642
445 a
4B 9
4131
3963
3at3
304.7
3464
3332

Tnm
Sidn
(%)

Ocm
o C02
o a13
Oom
0006
Our@
0028
0052
0078
0,104
0110
0142
0 !65
o !99
0226
0247
031t
0845
1ml
2404
29ea
4163
5474
7.103
0741

to 293
!1,716
13342
14 73!
16304
17851
19242
20.18?

l.oc;itlon 5 Test Results - Upper Conical Shell Just Almvc Middle Stiffener (SGV4NI: Thickness 8.5 mm)

Trw
si1e88
(MPo)

00
3.9

3! 1
598
66.3

1161
1450
t750
X34.5
2343
m.9
2040
3n o
352.1
3+3!8
410s
4485
4M 5
4f4.7
413.1
4108
457,0
491,3
526 s
5555
5784
596 a
015,1
629 I
6435
656.3
6009
8736

n to

t
2
3
4
5
6
7
a
9

to
It
!2
13
14
15
16
17
tll
19
m
lt
22
n
24
25
26
2?
28
29
30
3t
32
33
34
35
X3
37
36
39
40
4!
42
43
44
45
46
47
48
49
50
5t
52

E

EnOr.
Slrdn
(%)

0.CU2
0002
0018
0037
0055
0074
0.092
O.ttl
0. t?e
0.147
0,182
0.297
t ,556
2.702
4,078
5336
e 595
7.855
9.115

10,375
tl.634
12.694
t4.164
15.414
to.Ll?3
17,933
19,!83
20.453
2t.7t2
22.972
24.232
25,492
26.293
26.395
27.209
28.024
2.5036
29.4)53
3m5&J
31364
32.196
33013
33827
34.641
35,456
36.210
37,065
37.899
36816
39.630
40444
41.259
42.073
42,766

EnOr.
Stress
(MPs)

0.0
3.6

37.8
78. t

f16.5
155.7
1968
236.9
275.6
3156
392.5
3906
397,1
3999
4196
442.4
A6C.6
478.2
491,0
501.2
5tl.5
518.5
524.1
529.8
~4.2
V37.4
540.0
542.0
5433
514.6
$15,2
645.4
545.4
545.4
5’45.3
514.9
!344.0
513.1
S406
$47.7
5’13,9
!.3Q4
4;33,2

5154
5026
492,t
4t4 4
456.8
434.0
417.2
394,0
366.0
337.0
317.9

TN.
Slrdn
(%)

O.alo
0002
0018
0.037
0.055
0.074
o.n92
0.11!
0.126
0.147
0.182
0.296
t,544
2666
3995
5.W3
6.366
7.%2
8,7n
987!

ilC35
12.120
13236
14,335
15.420
18.494
!7,557
10.609
19.649
20.678
2t,696
22.701

TNO
was,
(MPs)

0,0
36

37.8
78.1

f16,5
f66J3
199.0
?39.2
275.9
316.0
393,2
39!.6
403.3
4107
436,7
4660
491.0
513.6
5356
553,2
S71,0
665.3
59&2
611.4
623.2
0336
643.8
652 S
66(.2
669,7
877.3
664.5

T9

i
2
3
4
5
6
7
8
8

fo
!1
t2
!3
14
t5
ie
f7
10
19
20
2!
n
23
24
25
26
27
28
29
30
3f
32
33
34
35
36
37
36
39
40
4i
42
43
44
45
40
47
46
49
60
51
52
53
54

EnOr.
Slmln
(%)

Om
o C03
0013
0.023
0033
0054
0.070
o.to2
0.114
0.146
0.162
0.178
0.i92
0225
0.234
0266
0 3!0
0409
t .656
303!
3664
504t
6430
7.m3f
9647

tt.olt
12.599
14.23J3
15.579
17,035
16.452
19.823
2!.566
2f,702
22518
n.490
24.421
25,463
26,418
27.346
26.200
29.534
29840
30559
31.491
32.424
33296
34.137
34795
35499
36.064
36606
37,229
37.648

Ffior.
S!f.$$
(MPJ)

00
8.3

31,2
6a6
66.2

1!4.0
141.7
Icao
W5o
322.8
2502
2769
303.5
3300
357.6
384.2
4t!14
406.3
403.9
406,6
434,6
460,3
482.3
Wf. t
5t6.2
525.4
533.7
540,3
544.0
647,0
549,3
5506
551.4
551.3
551.4
5s!,0
550.5
549,t
546,6
542.6
537,9
53!,2
524 t
5100
503.9
4695
474,7
456,4
444.3
428,1
413,4
397.1
3606
365.9

TN@
Slrdn
(%)

0.CC43
o,m3
0013
0.023
0033
0.054
0.070
0.102
0.114
0. tw
0,162
0.178
0,f92
0.225
0,234
0.266
0.310
0,406
1.645
2.966
3.79f
4.918
6.232
7.679
9,210

10.446
ltJ366
13,355
!4.479
15.730
to 934
\8065
19.545

Trw
Sms
(MP@

00
63

312
567
e.9.2

1140
141,8
1662
195.2
Z?2B
250.6
277,4
304.I
3307
356.4
365,2
4t6.7
4060
4436
42!.0
451,6
463.5
5t3.3
Mf.1
6660
5633
6030
617.4
63117
6402
8Y36
659,6
6705

TIO

t
2
3
4
5
43
7
6
9

!0
it
12
13
!4
15
16
17
16
10
20
21
22
n
24
25
26
27
28
29
30
3t
32
33
34
35
36
3?
36
39
40
4t
42
43
44
45
46
47
46
49
50
51
52
53
54

Engr.

(%)

O.000
0003
o.ot3
0031
0052
OC64
0.066
0.103
0.130
o,t56
0.160
0.206
0.222
0.272
0.276
0.302
0.336
0474
1.4s3
2.376
3562
4.6E4
5.932
7.693
9257

10795
t2 32+2
13903
!5.475
18903
16.432
19676
21.553
21.676
22.573
23641
24.3n
2509t
2;.790
Z3.T55
27.7t7
26660
29503
341346
3t.224
31918
32734
33329
33691
34474
350!4
35492
35946
36209

EnOr.
Slfass
(MPt)

00
63

340
61.0
696

117.8
1459
f734
2a32
n7,4
2545
2626
XJ99
337.6
365,9
3939
429.5
4032
404.9
401.5
424,9
4W,4
4745
4966
514.6
526,2
5351
541,6
548.7
5502
5525
6537
5344
5fi.4
5544
5535
5523
5500
5404
5430
5374
5292
5m 7
5105
4960
4669
4731
4613
4496
4365
417,7
4!!.5
3963
3-67.2

Tmo
Slr8in
(%)

o#3
o m3
0013
003!
0052
0C64
0W3
0.103
0.130
0 !56
o !6!3
0206
0222
0272
0276
0302
0.336
0473
1,440
2346
3519
4561
5763
7,409
6853

!0 251
II 616
13016
14369
15618
to 917
17962
19.516

TN.
slfe5s
(MPI)

00
63

340
61.9
699

1179
1461
t136
2004
2276

2549
2832
3106
3368
3669
395 I
43! o
4051
4106
41?.2
440 I
41t 4
5027
5369
5622
5630
6010
6172
63! 3
643 I
6543
6626
6739



ntl

t
2
3
4
5
6
7
8
9

!0
II
12
!3
14
15
16
!7
18
!9
m
?1
22
n
24
25
26
21
?8
29
30
31
32
33
34
35
36
31
36
39
40
41

2 ::
45

~ 46
n 41
w 48
&
W 49

50
m

EnOr,
Slfdn
(!4)

Omo
0002
0017
0039
0062
0065
0.10?
o tw
0153
0.175
0.197
0202
0614
t,rM7
3359
4,732
6105
7.416
6850

to 213
I 1.596
!2$69
14,341
!5.714
I 7,037
t8.460
19632
?!.m5
22578
23351
24637
?5 049
2!3872
26.633
27.657
284al
22442
30205
3t.069
3? 050
32 a73
33 69?
34.a56
354a2
30305
37.266
36090
36913
39 a74
40266

EINJr,
Slre$s
(M?,)

00
34

35 e
845

1335
102.2
231,3
2606
32a 7
37a 4
4271
4369
4218
4139
4tt,a
4329
4005
4608
4964
5090
510,1
527.1
5340
5393
543.4
5469
5494
55!.1
552.5
553.1
5532
5532
5529
55t.9
550.7
64a a
5449
5397
5330
522 a
5t2. t
499,4
4al.7
404,!
4430
4t58
W.2
3593
3253
3101

Tnl)lc 9.

Tnn
SlrBln
(%)

Omo
0002
0017
0039
0 IM2
0065
0107
0.130
of53
0!15
0197
0202
oais
1061
3304
4623
5926
7.211
a 460
9733

to91t
12.194
13401
145?5
15.774
16940
18C92
19.231
20 35a
21.47!
22023

Tnm
Slr0s8
#APe)

00
34

358
a46

1336
la24
231.6
2609
3302
3701
4279
4378
4144
422,2
4256
4533
4866
5166
5403
Q31.o
5793
59S6
6!08
5240
6362
641.9
6563
6660
67r.3
665,5
6095

Rll

!
2
3
4
5
0
1
8

1:
fl
t2
13
14
15
16
17
to
19
20
2t
22
23
24
25
26
21
2a
2a
30
31
32
33
3(
35
3a
37
36
39
40
41
42
43
44
45
48
47
48
49
xl
51

I.ocntlon 6 TN Results - Upper Member of Lower SIiffcners (SGV480: 9.S mm)

Engr.
Smln
(%)

O.om
0032
0019
0041
0 CU34
0.067
0.110
0.133
0.156
0.178
0201
0,206
06!0
f.e49
3.2a9
4.626
5.936
7.307
6.847
9.966

tl.326
i2.665
14.005
15.345
WJ364
10.024
!8.363
Z3.103
22042
23.362
24,721
24.555
25,257
%.104
2Q.996
27.936
26.673
29.877
30.615
31.592
32.356
33.294
34.232
35.035
33973
we! 1
37.714
3&652
39.5!m
40393
40 ma

EnOr.
Slross
[h4P8)

00
; 3.4
399
66.8

t3JI0
tl17,4
237.1
266.7
336.1
365.11
435,0
4%0
4J3.4
I,3(J3
.416.4
429.7
455.0
4768
4a3.4
506.6
517.3
526.f
533.I
536.9
543.4
6469
549.9
552.1
5S3.6
554.6
555.1
5S5,2
555.t
554.9
564,5
553.6
551.6
549.6
545.5
639.3
53L9
521.3
507.e
494.5
41s 7
453.1
431.5
40!.4
367.4
3360
316.7

TNO

Slrdn
(%)

00U3
0002
0.019
0041
0 m4
0.067
0.!10
o.t33
0,156
0,176
0231
0206
0606
1.930
3236
4,524
5.7ao
7.052
6293
9.5!6

10.729
11.925
t3. to7
14.275
15.430
16.672
17,700
18816
19910
21.011
2Mrm
22.195

Tnn
Slres$
$??e)

00
3.4

39.9
M.9

136,t
t67.6
237.4
267.1
330.e
366.5
435.0
451.0
436.0
426,4
430.1
449,6
462,8
511.6
536,0
557.2
576.9
592.5
EJ37,6
62t.6
634.0
845,5
8W.3
W6.4
615.6
564,2
692.3
593.1

Ttl

1
2
3
4
5
6
7
a
9

10
11
12
13
14
15
16
f7
16
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
36
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

Enor.
St&
:%:

O,ooo
0.003
0030
0054
0074
0099
0. t28
0,137
0,171
0.202
0220
0244
0260
0.300
0.316
0342
0.394
0.579
1,555
2.676
3.433
4,523
5.6S3
7.272
9.185

10.636
12,653
14.475
f6 222
17.864
19.712
21.324
22.372
22466
23.342
24.106
25.107
2$036
2~.071
26.095
n. 143
Wme
30.746
31.677
32726
33.6! 1
34.226
35.123
35606
30.554
37.063
37.734
36.m9
36.574

Engr.
.slfess
(MPS:

0.0
6.1

32.8
64.2
950

!26.7
156.8
166,3
2t6.6

26?.t
3139
343.4
374.5
406.3
4360
4aa.6
43i.3
405.1
4tx3,4
4t3,5
444.9
467,7
49!.4
51t.3
5237
533.t
540.0
644,4
547.4
549.2
5543.0
550,2
5500
551.o
549.7
546.5
547,0
M4.2
540.1
533.7
528.4
5t9.1
506.7
4944
479.6
4&15
4506
435.f
4166
402.2
3638
371.7
356.0

TNO

Shin
:%)

O.mo
0003
0.030
0054
0074
0.099
0.126
0,137
0.177
0.202
0220
0.244
0.260
0.300
0,3t6
0.341
0.393
0.57?
t.543
2.641
3375
4.424
5,496
1.020
8767

fo.266
tl.9!4
t3.519
15,033
16 53a
t7.992
19.329
20,1W

Truo
S+JCJls
(M!%;

0,0
6,t

. 326
64.3
a5.t

12136
157.0
16&5
219.0
251.1
262.6
314.7
3441
375.6
407,6
439,5
490s
433.6
41t.4
417,3
427.6
465,f
494,1
527.t
5563
560.4
6(XI5
6t6.f
632.7
645.9
657.4
&37.2
6732

Tt2

1
2
3
4
5
6
7
6
9

10
!!
12
13
14
15
16
17
16
!9
20
2t
22
n
24
25
26
27
26
2a
30
31
32
33
34
35
36
37
36
39
40
4t
42
43
44
45
48
47
46
49
50
51
52
53
54

Engr,
Slfdn
:%;

Ooco
0.010
0021

0.062
0.094
0.132
0.137
0.163
0.169
0210
0,230
0.273
0 2a2
0.3U5
0334
0,369
0.514
tn5
2.966
4t57
5342
6.646
8544

to67t
12.607
14.429
f6 226
17.916
20.1(?3
22.161
23.n5
24,1t7
25060
25.140
25.236
26331
26966
27.562
26.237
26773
29.426
30024
30679
31.274
31.670
32,456
33.121
33.716
34371
34LW7
35 Y33
3f31s3

Engr.
Slmss
:MPa)

00
64

354
62 Q
666

1166
1445
1736
moa
227a
2544
261.5
3094
3369
3601
3935
436,5
4i3,0
4m 6
4043
4!99
441.4
465,3
4660
605f3
S169
5282
535.2
6403
5454
5464
5s33
551.4
S5t,6
551,7
551.5
5506
5492
5466
542.t
535 s
5260
5205
$392
501 e
4663
4750
4%4
436 !
4193
4057
3657
3614

36.613 3470
55 3?,290 3330

Trw
SVain
:!4;

Omo
0010
0021
0047
0062
0094
0132
0.137
0163
0169
0210
0236
0273
0 2a2
0305
0334
0.369
05t3
I 760
2923
4073
5204
6622
6199

10139
f f.a14
13419
15037
16.462
la 316
mot7
m 692
21 ma
22,379

Tme
slles$
(M!%)

00
64

354
629
668

t169
~44a
1738
mf 2
22a2
2549
2a2 I
3102
3399
3672
3949
4361
4t5t
4110
4163
4374
4a5o
497.2
5275
559 a
W3
M44
622 I
637,2
6550
6699
a7a 1
5644
6932



w
L
w

R13

1
2
3
4
5
6
7
8
9

!0
II
1?
13
14
15
16
17
18
f9
20
21
21
23
14
25
26
11
26
29
30
31
32
33
34
35
36
3r
38
39
40
41
42
43
44
45

46
41
48
49
50
51

Enor.
Swam
(%)

Oooo
0C431
0015
0037
0059
0082
0104
0126
0148
0170
0186
0484
1.513
2663
3753
4843
5933
7023
81!3
9203

10293
!!,383
12413
13%3
14653
15743
!6 833
17.923
190!3
20,103
2!.192
22064
22382
23174
23868
24660
25453
26246
26939
27,732
28525
29316
30011
w 004
31,5%
32290
33083
33875
34668
35362
35657

T:]l)lc 10.

Enor.
SIfess
(t,! Pa)

00
23

316
806

!266
176 ?
?25O
272 ?
3m 8
3687
403 r
3W 5
3023
3063
4X32
4439
4636
4794
4926
9333
5tt8
5169
5246
529 I
5321
5356
5319
5398
5409
541 a
5421
5424
5423
542 I
5416
5409
5397
531.4
5345
5294
5223
5130
5031
4tl!33
4727
4559
4334
4037
3750
3445
321.0

T(UO
slratn
(*A)

Oooo
Oml
0015
0037
0059
0082
0, !04
0126
0148
0110
0186
0403
f 56!
2620
3684
4730
5,164
6107
7601
6604
9797

10701
11154
127!9
13674
14620
15 55a
16466
I 7.4C6
tf331a
!9221
19954

00
23

326
aoa

t2a6
1769
2252
2731
3213
3694
4045
3924
3663
3S66
43&o
4655
491.1
513 t
5326
5496
5645
5179
5300
600.8
6106
62fl O
61a 4
a36.5
6436
65437
657.0
6622

l.oc:~llon 7 Tc;t RCSII1(S - J.mvcr Mcmhcr of’ Lmvcr Sllffcucrs (SGV48f): Thickness 12.5 Innl)

f?:4

1
2
3
4
5
6
7
a
9

10
11
!2
13
t4
15
16
17
16
19
X3
2t
22
23
24
25
26
27
28
29
30
31
32
33
34
35
3a
37
36
39
40
4t
42
43
44
45
46
47
4a
49

Enar.
SIrhr
(%)

Oooo
o.m3
0025
0,047
0.C69
oo9t
0.114
0.t36
O.fsa
o,4al
0.513
1.730
2.940
3,723
4.720
6,W2
7,619
9037

10.255
11,473
125!Kr
f3 906
15.126
f6.344
17.662
18,716
19.W7
21.215
22.433
23.316
23.649
24.425
25.0S43
25,865
%.528
27,304
27.668
26.743
29.406
30.162
30.957
31.621
32.390
33,C60
33.035
U.wo
35.275
35.939
36,302

Engr,
SWISS
(MPa)

00
50

52.8
103.5
146,5
1643.7
145.0
293.3
341.6
369.7
379.9
306.5
362.6
403,9
441.9
47?.3
490.4
fioaa
509,4
516,3
521.9
526,5
530.1
533. t
535.3
537.1
5’3$3
539,3
539.7
539,7
539.4
539.0
536.3
537.0
635,0
531.4
527.0
5m.o
512.8
602.3
409,8
477,4
400,5
443,9
422.0
4o113
371,4
345.4
327a

TNO
Slrsin
(%)

0.U70
04Y23
0.024
0046
0.066
0.WX3
0.1 !3
0.135
0.157
0.160
0.511
1.715
2.305
3.655
4 r3t2
6.393
7.52a
a.651
0,782

10661
11.947
13.022
14,065
15.136
16.179
17.209
16.229
19.239
20.239

Trw
Slress
(MPI)

0.0
50

52.6
100.6
f468
166,9
2452
293.7
342,1
390.4
361.9
395.3
393a
419.0
462.7
506.8
526,6
546.1
561.6
575.6
566.1
599.7
610.2
620.2
629.4
636.0
645.9
653.7
5e43.7

T13

t
2
3
4
5
e
7
6
9

10
1!
12
13
14
15
16
17
16
19
20
2\
22
23
24
25
26
27
2a
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
46
49
50
51

Engr.
Siraln
(%)

Oooo
04Y31
O.ot7
0.041
0.064
0 oaa
0.112
0.135
0,159
0,163
0.196
1.534
2,356
3,176
3.69a
5026
6.159
7.269
6.4m
9.551

lo.6al
11.612
!2.942
14.073
15.’203
!6.334
17.465
16.595
19.726
20.656
21.967
23.lt7
23.425
24.24a
24.967
25.790
26.wa
27.331
26.051
26.673
22.592
30.415
3t,237
3!.956
32,779
33.49a
34.32Q
35.040
35.662
36S6f
37.095

Engr,
SWISS

00
1.9

343
82.6

130.7
176.6
226.5
274.4
322S
3705
40!.1
3atl.6
39!.4
390.7
416.9
442.3
462.0
476.2
49!,1
501.9
510.5
617.6
5232
527.9
531.6
534.7
537.0
536.6
539.6
540.7
541.1
541.4
54!.4
541.2
540.8
540.3
5396
53?.6
535.4
531.1
625.4
516.6
505.5
493,6
477,0
4609
436,7
415,7
3a4.9
354.6
332.9

Trua
Slraln
(%)

Owo
0.001
0.017
004 I
0064
0066
0.112
0.135
0. t59
0.163
o.f98
1.522
2,329
3.126
3,624
4.906
5.977
7.036
6.064
9.122

10,146
tl,f65
12.170
13.167
t4.t53
15.129
16.037
t 7,054
16.004
16.943
19,674
20.796

True
Slrass
(MPa)

00
1.9

34.3
626

13J36
176.7
226.6
2746
323.1
371,2
401,9
392.7
4CX3.6
403. f
433,1
464.5
4W.4
513.0
532.5
549.8
S65.t
576.7
590.9
602.2
6f2.4
622.0
a306
636,7
4346,2
653.5
aao I
6666

T14

1
2
3
4
5
6
7
a
9

10
11
(2
t3
f4
15
16
17
16
19
20
2$
22
23
24
25
26
27
26
29
30
3\
32
33
34
35
36
37
3a
39
40
41
42
43
44
45
46
47
40
49
50
5!

Engr.
&rain
(%)

Oooo
0001
0013
0037
0.061
0.064
0.106
0.132
0.156
0160
0,197
0520
t.707
2.462
4.060
5.m
6,453
7.639
6626

10.OI2
li.W3
12.365
t3.572
14.7%
15.945
17.131
ta.318
10.504
2r1691
2t.a77
23063
23619
24,142
24.691
25.544
26.299
27.054
27.702
2a 457
B2!2
29.859
30614
3!,369
32016
32.771
33526
3.4373
3492a
35663
36331
36.762

Engr,
.Sveas
(h4Pa)

00
2.1

27.2
753

1234
171.4
2196
267,9
3161
364.4
3993
W32
360.6
3W o
420.7
444.4
4636
4792
492.t
5026
5110
5tao
5237
526.3
53! 9
5346
537.2
5369
6403
54!.1
5413
541.5
541.2
5410
5403
5394
537.4
534.7
5302
5239
5166
&37o
495.0
4032
467.1
44a 7
4303
4060
3776
351.7
32!37

True
Slam
(“A)

Occo
0CS3!
0013
0037
0061
0 oa4
o loa
0132
0156
0 iao
0197
0519
t.693
2432
3999
5.132
6253
7.36!
6.456
9542

10615
1t.676
12727
13766
14795
15612
16a21
17 ata
loaoa
197a4
20753
2!.365

Trua
Slress
(MPa)

00
21

272
753

1234
t7ta
2196
2663
3106
3a5 I
400 !
3682
3934
3996
4379
4676
4935
5i5a
535.5
5529
5663
5a2 f
5946
6063
6167
a2a 4
6356
6440
6520
6595
6&32
6705



w
L
w

i
0
?5
m
&

I WI
+
m

n15

I
2
3
4
5
6
r
8
9

!0
1!
12
13
14
15
16
17
16
19
20
?1
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
31
30
39
40
41
42
43
44
45
46
4?
48
49
50
51
52
53
54

Engr.
Sham
(%)

Ocoo
o m?
0011
004?
0053
0046
0068
0082
0108
olt3
0125
0145
0153
0173
0193
0225
0228
0236
0245
0311
0905
2497
2071
3706
4716
5949
7666
9624

11819
13965
16285
18263
19799
t9 840
2! 221
22547
23878
24883
262!0
27547
28186
H 571
30858
3? 231
33350
34562
35805
36733
31538
38 !73
388{7
39690
40328
40945

nhk IL

Engr
Stless
(MPa)

00
34

27.t
509
76,2

10I.6
1270
!52.3
t76 1
20! 4
2267
2M 9
2763
3017
3266
3519
3777
4016
4301
3837
3?7.1
376 I
401 I
425,1
4492
4708
4912
5C63
516,7
522.6
5260
5274
5276
5275
527.2
5265
5255
5241
521,4
5173
5!2.3
%6.7
4999
4893
4787
4654
4502
4379
4252
4142
4040
3878
3743
361.1

Tm
swam
(%)

Om
0002
0011
0042
0053
0048
0 O&3
0062
0,106
o!t3
O 125
0145
0153
0.173
0.193
0224
0227
0235
0244
0310
0901
2466
2921
363!2
46!?
5776
7.386
9.188

1,1.17!
13072
15067
!6,774
lr3064

Tme
S1(0ss
[MPa)

00
34

27.t
509
762

1016
127,1
152,4
176.3
Xlt.?
2270
2512
2767
3022
327,2
352 T
376.5
4021
4312
384.9
3605
3655
4130
4409
4705
4966
5269
5550
5778
5956
611,7
6237
632,i

I.ocnllon 8 ‘1’cst RCSUIIS- Middle S(iffcncr nnd Upper Stlffcncr (SGV480: Thlckncss 19 mm)

R16

I
2
3
4
5
6
7
a
@

to
II
!2
13
14
15
!6
17
16
19
20
?t
22
23
24
25
26
27
26
29
30
31
32
33
34
35
36
37
36
39
40
41
42
43
44
45
46
47
48
49
w
51
52

Engr.
Slraln
(%)

O.mo
o C$33
0017
0031
0.046
0054
0052
0.060
0.102
0,116
0.!36
o.t26
0162
0176
0. ie?
O,tw
0.227
0.24!
0,270
0990
2.449
2960
3.600
4,764
5823
7.539
e,6t 1

11.770
13.770
15.745
t6C66
19.127
19.270
20350
2!.650
22,936
24.367
25,724
27,129
2?.670
26,753
30.090
31.379
32,702
34121
35,f39
35.964
36,792
37,640
36.334
39.011
39,517

Engr.
stress
(MPs)

0,0
5.5

31,5
569
61.9

!0+34
131.6
156.9
181.6
2W.7
231.2
2553
2606
306.2
331.2
3500
381.3
416,6
364.5
3762
372,6
403.4
42.3,6
45i,o
470.3
491.3
597.5
517.6
523.4
!*26,4
!126O
526.5
?.26,3
526.1
527.5
%2&?
!i23 5
$19.1
!iIz, ?
509.3
!01,2
,189,6
477.0
46!<1
44\.3
424,9
4t0.2
395. t
:~77.5
36!.4
344.6
331.2

True
Swain
(%)

O.om
0,003
0.017
003!
0.046
0054
0.062
0.060
0,102
0.116
0.136
0,128
0.t62
0,176
0.162
0160
0,226
0.240
0.269
0.965
2419
2.917
3.729
4.654
5660
7.266
9177

11.127
f2.9ot
14622
t6607
t7,502

Trua
SIIoss
(MPa)

0.0
5.5

31.5
56.9
81.9

106.5
131,7
t57.0
16t,0
20?.0
23t.13
255.6
26f.2
306.7
331.6
356.?
362.1
417,6
365.6
3620
361.7
415.4
444.6
412.5
497.7
528,4
556,3
576,5
595.5
6C9.3
623.4
6296

T15

t
2
3
4
5
6
‘7
8
9

10
It
12
13
14
15
t6
17
18
t9
m
21
22
23
24
25
26
2?
26
29
30
3f
32
33
34
35
36
37
36
39
40
41
42
43
44
45
48
47
48
40
50
51
52
53
54

Engr.
Strain
(%)

O.000
0014
0 Om
0031
0031
0051
0078
00.55
0.102
O.f05
o.t44
0,150
0,173
0,164
0,175
0.160
0.22!
0,229
0.563
t.350
2659
2962
3596
4.502
5576
6.603
7.761
9.556

11.371
13,364
15.372
17.272
19<453
19.652
m.927
22.074
23.227
24.420
25606
26.683
27.150
26,660
30071
31.265
32.447
33457
34666
35.583
36.480
37.316
36069
38,6W
39.436
40,0}4

Engf.
Stmas
(MPa)

0.0
289
51.6
73.7
97.5

12t.5
142.9
167.3
190.2
214,1
236.t
262.0
284.5
306.3
332.2
353.t
375.9
408.0
366.4
360.4
365.6
403.2
4254
446,6
469.3
483.6
496,1
5097
516.7
524.6
526.3
530.1
530.6
530.5
530,3
530.0
526.9
527.3
524.8
5m.5
519.6
5$1.9
502.4
492,2
460.2
466,6
453,3
440.3
425.7
410.9
396.5
36t.fI
366,3
355.2

Slfain
(%)

O.mo
o.ot4
0.020
o.03f
0.031
0051
0.076
0,065
0,102
0,105
0.144
0.150
0.173
0,t64
0.175
0190
0.221
0,229
0.$32
1.341
2.625
2.919
3.533
4.404
5426
6.395
7.4)5
9.427

10.770
12.56t
14300
t5933
17.612

Trua
Slless
(MP@

00
269
5!,6
736
97,5

12!.6
1430
16T,4
lm3.3
214.3
236.5
2624
285.0
24Jt6
332.7
3536
376,7
406.9
366 e
365.5
395 Q
415.1
440,7
4666
4954
515.5
5346
556.4
577.7
594.6
64395
62t 6
634.1

Tt6

1
2
3
4
5
6
7
6
0

10
11
12
13
14
15
16
17
t6
fQ
20
21
22
23
24
25
26
27
26
29
30
31
32
33
34
35
36
37
36
39
40
41
42
43
44
45
46
47
46
49
50
51
52
53
54
55

Engr.
Slraln
(%)

O.000
0 o@2
O.(B35
0044
0.042
0.047
0070
0.064
0095
0.1!5
0, t 23
0126
0,171
0163
0,191
0.2!1
0.219
0226
0332
1.403
2.626
2,617
3.424
4212
5.133
6646
6.597

10.09!
it.399
13104
14.979
16.796
i6.215
19.640
19.764
21.166
22540
24.016
25,477
26659
28066
26360
29.544
3t.036
32456
33733
346W
35763
369t3
37.675
36402
39224
39904
40,499
4t.059

Engr.
ssfoss
(MP.a)

00
31

267
503
736
97.9

12t.6
1449
1669
191.6
2146
236.4
262.2
286.2
3100
334.0
357,6
3954
3660
363.5
3621
402.1
4237
445 I
4637
4663
5046
5142
6201
5251
526.9
53a5
531.0
531.3
531.3
5307
530.2
5266
526.9
5237
5!9 1
517.6
5105
4997
4666
471,9
459.1
4447
4270
4136
3964
363 t
3660
3539
339 !

TWO

Svain
(%)

Oom
o (X32
0005
0044
0042
0047
0070
0064
0095
0!15
0122
0.!25
0170
0162
0 !%3
0210
0218 \
0227
0331
t.393
2594
2716
3366
4125
5 a35
6434
6247
9613

10794
12313
f3956
15527
16733
17.93!

True
Sl(c$s
(MPa)

00
31

257
503
739
979

1217
145 !
!690
19! 6
2146
2367
2627
2646
3106
3347
3566
3963
3692
3669
392 I
4!34
43a 3
4639
4615
5166
5462
5660
5194
5940
ml
6197
6276
6357



T:ll)lc 12.

Rl?

I
2
3
4
5
6
7
0
9

10
)1
12
13
14
15
16
!7
10
19
20
21
22
23
24
25
26
21
28
29
30
31
32
33
34
35
36
37
3n
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

Cnof
Slraln
(%)

nom
oa32
0041
0038
0047
0061
0069
0117
0123
0134
0 15)
0153
0.162
0 la?
019.9
0193
0207
0223
0243
0411
2287
3 !72
3921
4.78i
6029
7349
9381

II 211
1276!3
14629
16594
tame
18939
18964
203?5
21690
22973
24 1C6
25666
27.189
21689
29219
W 466
31913
33512
34603
35903
36896
3?662
36369
39.149
39951
40692
41.231

l. f)c;Ilhm !J ‘1’os[ RCSIIIIS - ACCCSS IIalch Cover, Equip. Ilotch Cover, and Equip. I1nlch Slccvc (SGV4fKl: Thickucss 20 mm)

Elm
SW-H
(h!Pa)

00
35

260
498
736
914

1208
1447
1664
1920
2159
2390
2642
2017
3117
3334
3571
3801
3928
3601
378,6
4142
4362
4557
4767
4924
5063
5170
5219
5256
5276
5264
5266
5284
5203
52?6
5266
5254
5230
5109
51?5
5094
5014
4692
4728
4570
44! 4
4258
4!19
309 t
3634
3G57
34? a
3316

riua
Sllm

(’.4]

Orxa

0032

0041
0036
0047
oc6t
0089
0117
0123
0134
0151
0153
0 !62
O 167
0196
0193
0 iQ7
0223
0242
0410
2261
3123
3046
4670
5654
l.rxll
0972

10631
12016
13653
15353
16981
17344

T(UO
SIIess
(lAPa)

00
35

260
498
737
91.4

1X39
1449
1686
1923
2163
2394
2646
2663
3123
3341
3578
361.5
393 r
3623
367.3
4214
4533
471.5
f4254
5286
5560
5750
5665
Ea25
615 I
6262
626.7

7316

t
2
3
4
5
6
1
6
9

10
11
12
t3
!4
!5
16
17
!6
19
20
21
22
23
24
25
26
27
28
26
30
31
32
33
34
35
36
3?
36
39
40
4!
42
43
44
45
46
47
48
49
50
51
52
53

Engr,
Stain
(%)

Ocm
00432
0006
0013
0024
0047
0056
0077
0017
0.lt6
0.116
0130
o.t36
0.161
o.t66

,0.17?
0.166
0,194
021t
031i
1,532
2569
3.271
3991
4.e29
0.100
?,869
9.906

11.773
13.7C4
15.334
17.095
18.645
20064
20.239
21.407
22.558
23619
24.614
X.067
27.3!7
28.646
29.724
241Q75
32213
33.446
34.259
35.1$2
35976
36876
37.697
36433
39.468

Engr.
Slless
(MPa)

00
34

27.I
506
746
97,0

1206
1437
t66.7
1906
214.7
237.3
262.4
264.0
307.7
33r17
354.2
3782
395.4
3620
3604
365,2
4m.4
4406
{61.0
460,1

4936
313.6
521.3
5263
626.9
3300

5302
030.4
5302
$30.1
5293
5284
5266
5239
520.1
514.5
W364
4294
4867
476.8
467.3
456.7
444.6
431.4
416.2
4048
384.4

rNO

61rdn
(%)

Om
0002
Orm
0013
0024
0.047
0.056
0017
007?
O.fte
0,116
0.130
0.136
0.!61
o.i56
0,t77
0.166
o.f94
0210
0.310
1520
2556
3,218
3.913
4611
5.92t
7.593
9.445

11.130
12,644
14.264
15.701
17.265
16.302

TN@

Sims
(MPa)

00
3.4

27.1
S0.6
746
97.0

120.7
143.8
166.0
!909
214.9
237.6
262.6
264.5
306.2
331,3
354,9
379.0
396.2
3632
366,2
395.2
434,2
456,2
483.7
509.4
539.3
664.5
5a2.7
5965
6100
620.5
63Q.2

637

117

1
2
3
4
5
6
7
6
9

10
tt
12
t3
14
15
16
17
16
19
20
21
22
23
24
25
26
27
26
29
30
31
32
33
34
35
36
3?
30
39
40
41
42
43
44
45
46
47
46
49
50

Engr.
Slrws
(%)

Omo
o CS32
0022
0042
0 m2
0062
0102
0122
0.142
0.162
0179
0.506
1.716
2.625
4.333
5341
6549
7.756
8.%6

10.174
11.362
12,590
13.799
15037
16.215
!7.423
16.631
19840
21.046
22.256
22915
23245
24.123
24892
25771
26.540
27.418
28167
29 rY36
29635
30.713
31.482
32361
33.130
34009
34.777
35656
36.425
37,304
31.743

Engr,
.SWess
[MPa)

0.0
39

47.0
90.1

133.7
1767
2199
263 t
3065
349.6
365.2
375.2
3846
368.8
419.7
442.f
46t,2
4766
469.t
4990
507,1
5t35
516.6
522.7
5259
526,5
5303
531,7
532,7
533.1
533.2
533,1
5329
532,4
53t.6
530,7
529.f
5266
522.5
517.2
509.f
5000
487.2
474.0
4556
437.1
411.6
365.9
3547
346.6

Tr-uo
Stlaln
(%)

Oom
o m2
o on
0042
0062
0062
0102
0.!22
0.142
0.462
0.!79
o 50?
1,70!
2663
4.050
5.203
6.343
7,472
6.567
9669

!0.760
11,656
12926
13962
t5027
16061
17.065
i6.OW
19.102
m 095
20632

TNC
Slfsss
(MPI)

00
39

47.0
@2.2

133.7
t769
220.t
2634
3069
3s.4
385.9
377.1
391.2
396.1
437.1
4657
491.4
5136
532 S
549.7
564.6
576.1
5604
M1.1
6!!.2
6206
629.2
637.2
6446
65!.7
655.4

118

1
2
3
4
s
6
7
8
9

10
11
12
13
14
15
16
17
16
19
m
21
n
23
24
25
26
27
26
29
30
3!
32
33
34
35
36
3r
36
39
40
4!
42
43
44
4s
46
47
46
49
50

Engr.
Swain
(%)

Om
o (XJ2
0022
0042
0062
0062
0102
0.122
0142
0162
0 !62
0.191
0.535
1.797
3 m9
4321
s 563
664S
6106
9,366

10630
11.692
13154
14.4$6
f5.676
16.940
16.202
19.464
n 7X
21.966
23135
23419
24.397
25429
26341
27.379
2629r
29215
30247
31.165
32063
33115
34033
35065
35963
36901
37.933
36651
39664
40457

Engr.
Slrsss

(MPa)

00
39

465
692

t32S
1756
2167
2616
3053
3464
3917
411.2
3965
3667
3646
415.4
4402
4600
416 t
4890
4994
5077
5143
S197
5239
521.2
5299
531.6
5331
5340
534.6
5346
S346
5343
5336
5330
5320
5304
5279
S245
5!92
SI04
5033
4860
4102
4516
4263
3s92
3642
3443

rme
Swain
(%)

Oooa
oC$32
0022
0042
0@52
0062
0102
0122
0142
0162
0.162
0191
0534
1,781
3013
4230
5433
6621
7.794
8955

10102
11236
12356
13461
!4564
15649
16722
!7 184
!6635
19875
20811

True
Slress
[h4Pa)

00
39

465
893

1326
1156
2189
2622
3057
3490
3924
4120
4C01
3936
3964
4334
4646
4915
5147
5346
5524
5661
5819
5946
6060
6165
6i63
6353
6436
6514
6582



. . . .,----- ----- . ... . . . .. . —.. . --

w
A
Ur

I-419

1
2
3
4
5
6
1
e
9

)0
II
t?
13
14
15
!6
f7
18
19
m
21
22
23
24
25
26
27
?8
29
30
31
32
33
34
35
36
37
38
39
40
4t
42
43
44
45
46
47
48
49
33
51
52
53
54

Engf.
Svam
(%)

0003
0002
0027
0039
0047
0064
0088
0090
0 !03
0113
0144
0 IGO
0164
0158
0183
0195
0240
03?2
I 174
2281
2890
3599
4547
5495
6622
7846
9201

\o B02
12438
13914
15244
t6 153
17,849
1?957
19 t40
20438
21727
?2641
23797
24,768
25995
27.294
27609
28854
29902
3! 165
32381
33522
34266
35242
36 1!9
37044
37643
38522

Engr.
SIfess
(MPa)

00
32

34)5
578
847

!!07
1363
!637
1909
2185
2460
2730
3019
3290
356 ‘1
382 I
4155
3746
3110
3700
3992
4223
4455
464 ?
4611
4926
5037
5i16
5!74
5207
5227
5243
5249
5245
5241
5239
5230
5220
5201
517.7
5130
5059
5020
4946
4045
4111
4566
4402
4279
4104
3930
3132
3537
3355

TIue
Slraln
(%)

0020

0 cm2
0021
0039
0047
0064
0068
Orrm
0103
0113
0144
0 t59
O !63
0157
0 la?
0194
0247
0371
1.i67
2255
2849
3535
4446
5349
6412
7.553
6602

10251
11723
13027
14168
t5 489
16423

‘1’nblc 13.

True
Slless
(MPa)

00
32

305
576
648

1100
1364
1638
1911
2!67
246.3
2142
3023
3225
3568
3320
4165
3760
3753
3784
4108
437,5
4650
4933
5130
531.4
5500
5669
5618
5932
E4324
612 !
61a5

fT20

1
2
3
4
5
6
7
8
9

to
11
t2
13
t4
15
16
17
la
19
20
21
22
23
24
25
26
?r
20
29
30
31
32
33
34
35
36
37
38
39
40
4!
42
43
44
45
46
47
48
49
50
51
52
53
54
55

I.ocn[lon 1[J “l”cs[ KCSIIIIS - Knuckle (Sti V4W: Thickness Z/i 111111]

Engr.
Slfaln
(%)

oooi3
O.IN?
0004
0018
0.035
0.045
0061
0.082
0.034
O.lal
0,113
0105
0.121
0,154
0.166
0.166
O.mt
0.490
1.2?4
226t
2.868
3.442
4.43\
5.407
&435
7.5t2
8662

10.274
,1 t.648
13.234
i4.714
!6.194
i7,874
18,103
18.209
!9.597
20.739
2t.944
22.824
24.128
25205
26.398
27.663
28.434
29765
30933
32,223
33.336
34.570
35,155
36.895
37.059
36,878

Errgf.
Wow
(MFa)

00
3.3

27.6
52.9
‘77.1
101.6
127,2
152.4
f78.4
203.4
228.5
252.8
277.I
302.0
327.5
35t,9
3655
374.3
370,4
372.1
399,1
419.9
444,6
463,0
476.8
469,9
Wi.o
5092
514.5
519.3
521.6
523.6
524.3
524.4
524,3
523.9
523.6
522.6
522.1
520,1
518.2
515,2
510.2
5037
4963
489.2
471.1
464.7
449.0
431,0
412.0
391,7
37f,5

39.793 349.9
40.442 33!.2

True
Slfaln
(%)

Oooo
O.(K32
0.004
0018
0035
0045
O.oot
0.062
0094
0103
o.lt3
0,105
o.12t
0.!54
0.168
0.166
0,260
0.488
1.266
2.235
2827
3,364
4.335
5266
6.236
7,243
8491
0,770

fl,o!o
12426
13.779
15.m9
16.444
i6.643

True
.%ese
(MPa)

0.0
33

27.6
529
77.1

101.6
127,3
152.5
1766
2036
228.0
253.t
277.5
302.5
328,1
352.4
386,5
3762
38!,2
3ao.5
4toJ5
434,4
4645
466.0
509.6
526.7
645.4
561.5
574.4
566.0
598,7
W414
618.0
6193

119

1
2
3
4
5
6
7
0
9

10
f!
12
13
14
15
18
1?
18
19
20
21
22
23
24
25
26
27
28
26
30
3t
32
33
34
35
38
37
36
39
40
4!
42
43
44
45
46
47
48
49
50
51
52
53
54

Engr.
Slfaln
(%)

Olwo
0002
0,017
0.034
0.053
0,071
0.061
0.106
0.119
0.124
0.136
0.!68
0.178
0,195
0.21I
0.69!
1.730
2.374
3.072
3.967
4.993
6070
7.126
0,251
0.278

10.601
!1,671
12,735
13877
f5.03e
16077
17.224
18,052
tN69
16.647
f9.507
20229
20.991
21.795
22.545
23225
23.710
24.785
25918
27.377
28756
30,319
31.787
33.018
33.690
34,852
35.606
36.761
37.562

Engr.
Stress
(MPa)

00
3.3

330
64.9
%5

!265
lea t
192,6
224. I
266.8
289,6
320,2
353,t
365.6
409,9
372,2
378.3
3796
412,4
434.1
459,6
476.9
489,6
499.7
506.7
5t3.1
517.5
5m.2
522.8
524.0
525.t
5256
5257
525.4
525.4
524.9
5250
524.2
5234
522.2
520.9
5196
516.7
511.9
Y34.o
493,7
479.3
462.0
443.9
432,2
414,7
395.0
3766
357.9

TNa

Smin
(%)

Oooo
0.002
0.017
0,034
0053
0071
003t
0.106
0.319
0,124
0,136
0.166
0.176
0.$94
0,210
0667
1.715
2.346
3.025
3.690
4.672
5.893
8.863
7.926
8.672
9.97r5

t !.038
11.967
12.995
t4.m37
14.906
15691
16.595

Trub
61ress
(MPa)

0.0
33

330
64.9
965

1286
f60.3
t93 o
2243
257.0
29(IO
320.7
353.6
3665
410.5.
375.5
384.9
366.5
425.0
4554
462.6
605.6
524.5
541.0
5537
567.0
67?9
5665
595.1
602.!3
6096
0162
620.6

m

t
2
3
4
5
6
7
6
9

10
11
12
13
14
15
16
11
16
10
20
21
22
23
24
25
M
27
28
29
30
31
32
33
34
35
36
31
36
39
40
4t
42
43
44
45
46
47
46
49
50
5!
52
53
54

Error.
Slrain
(%)

O.om
0.W2
0039
0041
0065
0066
O.om
O.lto
0.123
0147
0.151
0 !66
0.264
0210
0.214
0.253
0,272
0.5!7
t.t83
2.164
2.636
3536
4,329
5351
6270
7.353
8724

10.360
11.999
t3.559
15016
16401
!6.092
16.194
19398
m.534
21,559
22.760
23X6
25017
25.526
26482
27.7m
28674
295e43
30660
31646
32535
336t4
34.497
35.430
Mm
37.002
37,522

Engr.
Siress
(MPa)

00
32

29.7
555
827

1066
1365
1643
191.7
219.2
245.6
2731
300.7
3270
3556
363.0
412,4
379.1
3167
372.0
4010
4m.7
4408
4621
4770
4661
Fi308
5106
5167
5m 9
5232
5250
525,7
5256
525.3
5251
5243
5230
5210
5180
5167
5120
5041
4963
4675
4741
4640
4527
4362
421.1
4032
367.4
3690
3545

True
SVain
(%)

Ooa?
0002
0039
0041
0 C65
0066
Oow
0110
0.123
0147
0.15!
O 167
0163
0209
0213
0252
0271
0.515
1176
2141
2798
3475
4238
5212
608!
7095
6364
9676

11,332
12715
13992
!5 187
16629

True
Slress
[MPa)

00
32

n7
555
627

1069
1366
t644
1920
2195
2459
2736
3012
3285
3564
3639
4135
361.1
36! I
3600
4124
4356
4599
4668
5069
5246
544.5
5636
5767
5916
60t 6
6I1O
6209



7721

I
2
3
4
5
6
1
0
9

to
!}
1?
13
14
15
16
tl
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
4?
48
49
50
51
52
53
54

Tal)lc 14,

Eogr.
Sl(aur
($A)

Oooo
0002
0 ml
0035
0070
0078
0111
0144
0155
01.92
0201
0234
0253
0283
0302
0311
0346
0373
0399
0431
0458
0474
0494
0504
0554
0604
0926
2244
4096
5608
7 75a
9355

!O036
!0 919
t? 4.22
1397t
l!i2’33
16655
17379
16757
19919
208W
22 C$32
22095
23835
24107
25513
26 m3
z 810
21455
26115
2$.707
292m
29 r66

Engr
SWIMS
(MPa)

00
43

268
536
796

1077
1355
163S
1913
2196
247.3
274.9
3020
3300
3516
3655
4134
4414
46-39
4971
5249
5530
5610
607.1
6354
676.1
655.0
661.4
6749
6865
6994
7046
7Wo
7059
7034
6939
6610
6647
6545
6339
6146
5966
5746
5521
5330
5111
4894
4691
450!3
4297
407.6
367.1
3666
3464

T(UO
SWain

(’A)

Omo

o CQ2
o C07
0035
0070
0078
0111
0144
0155
0102
0201
0.234
0253
0 ?83
0302
03!1
0346
0372
0389
0430
0457
0473
0493
0503
0553
0 M32
0922
2219
4014
5646
7472
8943

10286

lmmtlon 11 Test Results - Lnwcr Cyllndrlcd Shell imd Lower Conlcnl SIICII (SPV490: Thickness 9 mm)

Tme
Stress
(MPa)

00
43

266
539
199

10?6
135.7
1637
1!316
2m o
2476
2755
3026
3309
35a9
386.7
4146
4430
470.7
4992
527.3
5556
5839
6102
6389
6602
66!.I
6762
7025
7205
7537
7705
762,5

R22

1
2
3
4
5
6
7
6
9

10
if
12
13
!4
15
16
17
16
f9
20
21
22
?3
24
25
26
27
26
26
30
31
32
33
34
35
36
37
36
39
40
41
42
43
44
45
46
47
46
49
50
5t
52
53
54

Engr.
Srraln
(%)

Om
o.m2
0.005
0013
0.035
0,046
0.071
0.093
0.115
0.137
0.f70
0,173
0.220
0.223
0.239
0.264
0,269
0.314
0.330
0.349
0.374
0.402
0,407
0.435
0.457
0484
0.515
0601
2,2s6
3.?76
5.4726
7.441
9,153

10687
10s427
12.453
t4.o&3
16.245
17,754
16.961
20.265
21.230
22.345
23,239
24.166
24,79a
25,650
26.335
27.072
27.735
28.422
26695
29.6i2
30073

Enpr.
SW$s
(h4Pa)

0.0
4,1

296
555
61.6

107.7
133.5
1584
165,0
2!07
2365
262,9
266.7
3154
341.6
367.3
393.4
419,6
4455
471.3
497.f
523,3
549.2
575.6
599.2
625.2
65!.0
672.6
665.2
675.2
669.0
701.0
707.3
7o14
709.2
7066
695.7
671.2
650.4
631,5
600.2
590,0
567,0
546,5
522.9
5065
482,7
462.i
436.6
4165
3930
:;7t.5
346.3
3296

True
Slrdrr
(%)

O.000
O.(X32
0005
oot3
0035
0.046
0.071
0093
olf5
0.137
0,f 70
0.473
0.220
0,223
0.239
0264
0,269
0.3!4
0.330
0.340
0.313
0.401
0,4CS3
0,434
0.456
0.463
0514
0.599
2.270
3.707
6341
7,177
6,756

10154

TNO
Slfess
(MPa)

00
4.1

29,8
55.5
61,6

107,7
133.9
!50.5
165.2
211.0
236.9
263.4
269,3
316,1
342.4
366.2
394,6
421.1
447.0
4730
499,0
525.4
551.4
576.1
601.9
626.2
654.3
676.0
660.5
700,7
726.8
753,1
7720
765.2

121

1
2
3
4
5
6
7
6
9

10
f!
12
!3
14
!5
16
17
!6
19
20
21
22
23
24
25
26
27
26
29
30
31
32
33
34
35
36
37
36
39
40
41
42
43
44
45
46
47
46
49
w
51
52
53
54

Engr.
Slrdn
(%)

O.mo
0,005
0.010
0031
Oooo
0.066
0,124
0145
0.162
0.197
0236
0,246
0,278
0301
0.330
0,363
0394
o.4m
0,454
0.472
0.496
06437
0.602
t.952
3.01t
4.032
4.927
6.059
7.220
6.025
6.614
9.993

ll#lf5
11,246
12,t13
13249
14,296
15,381
16.427
t7,5f3
16.446
19,273
20.346
21.307
2f,677
22931
23604
24.693
25.439
26.0U2
26.624
27.712
28.350
20.662

Engr.
Slfess
(MPa)

0.0
10.4
4!.6
72,5

t056
136.0
171,6
204.6
237.6
2706
303,4
334.0
367,4
399.s7
433.0
465,9
4991
532,0
665,7
599.3
630.4
669.3
665,0
669.9
695.6
700.4
706.1
?16,0
?22.5
725.6
126.2
730.7
731.2
73!.0
?302
725.9
7t7.2
704.6
690.2
673.6
656.6
642.4
621.5
601.2
567.7
562.3
543.9
5126
469,2
471.7
442.5
4097
344.4
362.7

True
Strain
(%)

Oooo
0,005
0.010
o.03f
0060
0.086
0,124
0,145
0,t62
0197
0.236
0.246
0,276
0.301
0.330
0.363
0,393
0.419
0,453
0.47!
0,495
0.605
0.799
1.933
2.967
3.053
4,610
5.863
6.97f
7.719
6,447
9.525

10.540

Trua
SIIes$
(MPa)

0.0
10.4
41.6
72.5

105.7
f36.9
172,0
205.1
236.2
271.3
304,f
334e
366.4
400.6
434.4
467.6
601.0
534.2
566.2
602.!
633.5
693.5
6905
7034
716.7
7166
743.0
759.4
7746
7638
792,4
e03.7
612.5

T22

1
2
3
4
5
6
7
6
9

10
lt
12
13
14
15
16
17
16
19
m
21
22
23
24
25
26
27
26
29
30
31
32
33
34
35
36
37
36
39
40
41
42
43
44
45
46
47
46
49
50
51
52
53
54

Engr,
SSfain
(%)

0.CU7
0005
0049
0074
0106
0,141
0 f67
0201
0219
0239
0278
0314
0337
0356
0.361
04t7
0.443
0.466
0.502
0525
0.553
0592
0749
0660
236i
3.418
4.645
5.500
6.679
7.645
8603
9.755

to515
to.644
11.EJ36
12.s61
!3.649
14434
15.257
f6.246
17.266
16.230
16950
19962
~ 675
21,645
22736
23.493
24392
25.315
25961
2&742
27.307
21.662

Engr.
stress
(MPa)

00
94

37.1
649
95.2

126.4
f56 o
1909
224.7
256.2
2932
3m. I
351.6
3650
416.5
452.0
4653
516.9
553.0
5660
6!64
649.7
6245
692.3
6916
6966
707.0
7145
7222
7260
7306
7327
7332
733.2
731.1
725.0
716.t
7046
6929
6773
6595
641.9
627.2
604.7
5626
5574
5314
507.7
4762
4449
4193
3667
364.7
3369

TNe Tnra
Svain SW&s
(%) (MPa)

O&m

oCS35
0049
0074
0106
0141
0167
oml
0216
0236
0277
03t3
0336
0357
0360
0416 1
0442 ~
0465
0500
0523
0551
05243
0,746
0676
2353
3361
4444
5354
6465
7.552
6437
9306
9.996

00

94
37.!
650
953

1266
15.52
!9! 3
2252
25a 8
2910
3211
3526
3664
4200
4539
4875
5213
5558
569 I
6196
6535
6997
6963
7060
7m 4
739 !
7536
7704
7651
795 t
6434t
alo3



R?]

I
2
3
4
5
6
7
8
9

to
11
12
13
14
15
16
i7
10
19
20
2}
22
23
24
23
26
27
28
29
30
31
3?
33
34
35
36
37
36
39
40
41
42
43

44

45
46
4r
40
49
50
51
52
53

Emy
Swam
,,’,
, ,.,

Oooo

0003

0029
0046
0051
0075
0109
0103
0118
0152
0164
01?2
0189
0212
0215
0 ?38
o 24t
0204
0261
0298
0321
0318
0359
0571
1.99S
2.939
3934
4689
5962
69!1
1 e?t
6812

I0088
10258
1! 270
1?251
t3097
14251
!6 139
17442
!8 340
19,359
m,39t
21461
22646
23659
24754
25924
26562
27486
28393
29346
30003

Engr,
Ssless
1110,1!,.,. -,

00
64

336
620
915

1192
!478
1723
2016
2311
2595
2691
3190
3475
3130
4(I34
4266
4587
4881
5162
5456
5735
6091
599.7
6156
6?48
6443
6541
6622
6665
6689
6694
6697
6695
6684
6661
6629
6564
6414
629 f
6196
S075
5943
500 I
5023
5456
5250
E4143
4!204
4700
4495
4259
4084

‘1’:ll)lc 15.

True
Wain

I*L \
, ,-,

0CC$2

o Cs33
0029
0046
0057
0075
0109
0103
0116
0152
0164
0 !72
0109
0212
0215
0236
0241
0264
0 28t
0296
0321
031r3
0359
0576
1977
2897
3859
4773
5.791
6683
7.577
6500
9611

True
Sifess
($,p;)

00
64

336
620
915

1192
1479
1725
201.9
2315
2599
2896
3196
3462
3738
401.4
4296
4594
4695
51?0
5476
5753
611,3
S4331
626,1
6493
6696
S467
70!.7
7125
721.6
7208
737,3

R24

1
2
3
4
5
6
7
6
9

10
It
12
13
t4
t5
16
17
io
t9
m
21
22
23
24
25
26
27
28
29
30
3t
32
33
34
35
36
3?
36
39
40
41
42
43
44
45
46
41
4r3
49
Y?
51
52
53
54

Imcnllon 12 Test Rcsulls - I1;itclI Rclnforccmrnt Plntc (SPV490:

Engr.
Stralrl
:*:

O.000
0,W3
0.010
0026
0.044
o.m7
0096
0105
0,129
0.146
0.t6t
0.165
0.199
0.222
0,245
0.264
0,264
o.3tt
o,3m
0.460
1.145
1.603
2.317
2.69S
3.592
4.240
4.900
5 S04
6.260
6.950
7.618
6,219
9701
0.766

10.I316
11.769
i2.674
13,954
14920
15.9!6
16865
i7,857
16679
19.932
20995
22.024
22934
23966
251m2
25.965
27.015
26.054
26916
29,946

Engr,
Slfws
:##Y6)

00
6,7

33.3
67,0

!O03
135.4
t7t.o
203.8
234,5
269.2
303.5
336.6
366,0
404.6
440.5
476,0
5(M,5
54S.2
676.3
605.2
60s.9
6f7.5
62S 2
635.9
645,6
653.7
059.6
664,6
@3C.3
670.7
072, t
073.2
673.6
073,3
613,2
67f,4
66.%9
663.2
6564
647.3
637,9
G27,9
!3f59
S02,7
586.2
572.6
556.3
540.4
521.0
5009
476.6
454.1
4324
404.6

True
Slraln
,,, ,
\ -1

Oooo
0003
0010
0.026
0.044
O.lMl
0.U46
0.105
0.123
0,146
0,161
0,165
0.199
022’2
0.245
0,264
0,284
0.311
0.320
0.479
!.139
1.767
2.2s1
2.655
3529
4.153
4.764
6,453
6.012
8.719
7,342
7.693
9.259

TN.
Slress
,1,”..
IWr.1

0.0
6.7

333
67.0

100.4
135,5
t7t.2
2040
234,6
269.6
304.0
337.2
369.6
405.7
44f,6
477.3
5109
548.8
660.2
606,1
613.9
626.7
640.7
654,3
6666
66!.4
692,1
702.!
7f0.2
717,3
7233
7266
7390

123

1
2
3
4
5
6
7
6
9

to
11
12
13
t4
45
16
17
la
19
20
21
22
23
24
25
26
27
26
29
30
31
32
33
34
35
36
37
36
39
40
41
42
43
44
45
46
47
46
49
E42
51
52
53
54

Engr.
Slraln
,., .(-m,

O,oa?
0003
0,025
0.052
0073
0091
0.106
0.127
o.t51
0,175
0.163
0203
0.227
0.252
0264
0.293
O,?&l
0,326
0.4t6
0.954
t.6fl
2.462
3.t39
3.617
4.425
5.!29
5,772
6,276
6,903
7.496
6,122
6.7i2
6.612
0671
9665

fl.076
12,215
f3.310
14334
15.416
16,432
t7.558
10665
f9 770
2076!
21,752
22631
23929
24995
2s133
27.225
26,322
29.372
3(1403

Engr.
SWss
,, in. ,~rmral

00
6,4

4!.5
7$3.9

112.9
146,2
11Y31
2136
246,1
263.4
319.0
354.4
390.1
425.5
46t, f
495.6
531.1
566.6
596,9
596.S
611.7
623.4
633.6
643,1
649.6
65S,7
6s0.3
663.2
66s.0
666,6
667.7
667,7
6S6O
6676
6S69
664,3
659.7
652.6
644.2
634.7
6239
610.6
596.2
560.3
5650
547.5
527.4
504.6
46!.3
453.4
424.0
392.2
359.0
324,0

TWO
SSrdn

,.. .p)

O.000

0003

0.025
0,052
0073
0.091

0.10s
0.127
0.151
0-175
0.183
0.203
0.227
0.2s2
0.264
0.263
o.3C@
0.326
0.415
0.950
1.795
2.452
3.091
3,746
4.330
5.002
5.612
6067
0676
7.230
7,609
8353
6445

TN@

Slmss
,.,.. .,
(Mrq

0.0

6,4
41.5
16.9

1130
146.4
160.2
213.9
246,5
263.9
319,6
355.1
391.0
426.6
462.3
497,3
532.6
5s6.5
SO1.4
S04.2
6226
638.9
653.7
6s7.7
676,5
669.3
696,4
7049
710.9
716.6
722.0
725,9
72$3.9

Thlckncss 17.5 mm)

T24

t
2
3
4
5
6
7
6
9

10
11
12
13
14
15
te
17
16
19
20
21
22
23
24
25
26
27
26
29
30
3t
32
33
34
35
36
37
36
39
40
41
42

43

44

45

46

47

46

49

so

51

52

53
9

Engr.
Sinin

.. . .{m)

O,ooo
0003
0034
O&w
00s3
o 0s7
0094
0.120
0.136
0.457
0172
o,t92
0.211
0234
0.255
0.262
0.293
0302
0.347
0531
1.22S
1,936
259s
3306
3.660
4,679
5,3!6
5W6
6.W2
7.252
7,692
6.5S
6.7&3
6646
9629

10970
lt.953
t3036
14.197
15296
!6,424
17,441
!6 599
19.479
20574
21.705
22767
23663
25034
xl 092
27.25S
26.351
29496
x? 603

Engr.
Slress
.. .- .
(Mr~J

00

60
410
749

1076
1429
177.7
2107
244 t
2796
3141
3Kr o
3626
4120
444.7
477,0
512.5
5479
602.9
5914
597.9
610.2
6219
6326
6406
6464
6533
6569
5600
S62.3
6632
6S36
6s4,0
54334
6626
6601
6563
6503
6416
6321
6210
6096
5955
561,8
5659
5474
5266
5CB36
4622
4576
4260
3960
3636
3260

True
Slrain.. .(-A)

Oooo
0003
0034
0 05s
0.0s9
0087
0094
Olm
O 136
0157
0172
0192
0211
0234
0255
0262
0293
0302
0346
0530
1.219
1917
2563
3254
3903
4573
5160
5736
6393
?IYJl
7.59s
8211
6423

T(LM
Slress
. ..-
(Mra]

00

60
410
750

to? 7
1430
1773
2110
2444
2602
3146
3!427
3634
4129
4459
4782
5140
5496
5050
5946
SW2
6n o
63-91

6536

6663

6166

666 I

6956

7036

7104

7156

72U 6

7224





Appendix C

As-Built Features of the
Steel Containment Vessel (SCV) Model
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Figure C-2, SCV model - locations for as-built thickness measurements.
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Figure C-3. Stretched layout view of the SCV model, indicating locations of as-built thickness measurements.

Weld I Azimuth Thickness
(mm)

1 40” 9.3

1 I 9(Y I 9.1
1 180” 8.8
2 I u [ 9.4
3 3. 9.2
3 I 17” 8.9
3 56” 9.0
3 { 117” 9.2
3 2~7* 8.9
3 1 32C 8.9
4 0“ 8.3

I 4 I 18U I 7.3

I 5 i 7. i 8.1

Figure C-4. Tabulation of SCV model as-built thickness measurements shown in Figure C-3 (above).
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Design thidmess - 8.5mm

9.1
8.7

8.8 8.5 7.9
8.4 7.8

weld
8.5 *2

7.6
8.7

9.4

Design thiiass - 9??U?’I

EquipmentHatch

ReinforcingRing

L

7.8 ~ 7

7.6 .
8.3

7.5
7.4 8.7

7.6

Material Change
Interface

/ weld

Note: 1. all thiiess measurements are from an ultrasonic thickness
measuring device.

2. all thiiass measurements in mm.
3. values for thickness measurements indicate approximate

Itiations only.

Figure C-5. Thickness measurements at SCV equipment hatch.

Thinned area below weld no. 5 at approximately 200 degrees

Design thickness = 7.5mm

D==z

76mm
6.9 6-g6.g~.~ Approx.

6.9 7J?

~:. ~
7.7

8.1

Note: all thickness measurements are from an ultrasonic thickness
measuring device.
all thickness measurements in mm.

Figure C-6. Thickness measurements of SCV at weld #5, azimuth 200°.
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Figure C-8. Tabulation of radius from the mean centerline to measurement location for the SCV model.



JRCFORM 336 U.S.NUCLEAR REGULATORY COMMISSION j. RE~T ~R
2s)
IRCMIlm

(A8aignedby NRC, AddVol., SUPP.,Rev.,

201,3202 BIBUOGRAPI-IIC DATA SHEET
and AddendumNumbsfs, lf any.)

(sea imhclsm Sonlhersslm)
NUREG/CR-6516

!. TITLE AND SUSTITLE SAND96-2877

Pretest Analyses of the Steel Containment Vessel Model
3. DATE REPORT PUSUSHED

MONTH YEAR

January 1999

4. FIN OR GRANT NUMSER

L1299, A1401

i. AUTHOR(S) 6. TYPE OF REPORT

V.L. Porter, P.A. Carter, S.W. Key
Technical

7. PERIOD COVERED (/m/us&e htea)

June 1993-November 1996

1.PERFORMNG ORGANIZATION - W AND ADORESS (7fNRC,FIWide Division,Olrii wRqIr&, U.S. ffuc&wRe@stay Cmmiaaicm,
pmvi$e mnw and mtiling ad&ws.)

ad M.9ikng .eddmss; irmbaetq

Sandia National Laboratories

Albuquerque, NM 87185-0443

).SPONSORING OftGANIZAllON - NAMEAND ADDRESS (ifNRc,lype‘sameastie: if~,
d Meixllg.sd&essJ

~Vtie NRCDkkion,(YZ7 w Region,U.S. Nuclear Regukby Qnsmissivn,

D~ision of Engineering Technology

Ofiice of Nuclear Regulatory Rasearch
U.S. Nuclear fiegulato~ Commission

Washington, CIC 20555-0001
0. SUPPLEMENTARY NOTES

J.F. Costello, NRC Project Manager
l. ABSTRACT@OnwK&Wkss)

As part of the containment integrity program jointly sponsored by the Nuclear Power Engineering Corporation (NUPEC) of Japan
and the United States Nuclear Regulatory Commission (NRC), Sandia National Laboratories (SNL) conducteda highpressuretest
of a steelcontainmentvessd (SCV) model,nominally based on a Japanese Improved MK-11boiling water reactor containment.
The test included an external contact structure (CS), a steel shell that covered most of the SCV model with a gap between the two
structures. One of the program objectives is to validate analyticalmethods used to predict the response of containment buildings
subjected to swere accident pressures. This report describes the finite element analyses conducted by Sandia in support of the
test program landfor pretest prediction of model behavior. Preliminary calculations were performed to supptxt model design, such
as the effects of mixed scaling and the effects of including a contact structure in the test. Global response of the SCV model was
predicted using both axisymmetric and three-dimensional shell models. An axisymmetric continuum anaiysii of the top head and a
thr-dimensional shell analysis of the equipment hatch region were developed to provide detailed mappings of local model
responses.

2. KEYWOROSIDESCRIPTORS (Listwuds crphrases that will assist maewchefa in keating the E*.) 13. AVAllAEILllYSTATEMENT

Finite element anatysis
unlimited

Reactor containment 14.SECURITYCLASSIFICATION

Steel containment vessel (Thti A@

Severe accident undassitled
Structural response
Modei validation

pi. R.epi)

unclassified

15. NUMSER OF PAGES

16. PRICE

,.. . . . m. n - —. . . . .Nhw -m -,.-, ma tom was emwomcauy pmacea ty timet-metal tarns, m.


	Abstract
	Contents
	Appendices
	Figures
	Executive Summary
	Acknowledgments
	Acronyms
	1. Introduction
	1.1 Program Background
	1.2 Objectives

	2. Test Article Description
	2.1 Geometry
	2.2 Materials
	2.3 As-Built Features

	3. Test Description
	3.1 Pressure Supply
	3.2 Pressurization Sequence

	4. Finite Element Model Development
	4.1 Selection of Element Types
	4.2 Friction Studies
	4.3 Material Models

	5. GIobal Axisymmetric Analyses
	5.1 Finite Element Model Description
	5.2 Results – 18 mm Case
	5.3 Results -34 mm Case
	5.4 Summary

	6. Global Three-Dimensional Shell (G3DS) Analysis
	6.1 Finite Element Model Description
	6.2 Results

	7. Detailed
	7.1 Top Head Including Knuckle
	7.2 Equipment Hatch Area
	7.3 Equipment Hatch As Built

	8. Assessment of Potential Failure Modes
	8.1 Top Head Buckling
	8.2 Global Ductile Rupture
	8.3 Local Ductile Failure
	8.4 Conclusions

	9. Supplemental Computations for Design and Instrumentation Support
	9.1 SCV Model Design
	9.2 Contact Structure
	9.3 Instrumentation Holes
	9.4 Inner Support Ring Adequacy

	10. Summary and Conclusions
	11. References
	Appendix A Steel Containment Vessel (SCV) Model
	Appendix B Unaxial Test Data
	Appendix C As-Built Features of the Steel Containment Vessel (SCV) Model

